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THE PHENOMENON OF SEIZURE AND ITS INVESTIGATION 
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Institute for the Study of Machines, Academy of Sciences of the U.S.S.R., Moscow (U.S.S.R.) 


(Received June 2, 1960; as amended November 11, 1960) 


SUMMARY 


The phenomenon of joining of metals in the solid state is very common in the friction of machine 
parts and also in the technological processes of cutting and plastic deformation of metals. It is 
in fact the basis of some technological processes of joining metals. This phenomenon can be divided 
into two parts: sintering and seizure. Sintering has the nature of a diffusion process. No diffusion 
takes place in seizure; it is a result of mutual plastic deformation of metals. 

Deformation of sheet specimens by plain narrow punches and symmetrically-inclined punches 
made it possible to investigate the influence of different factors on seizure. In the discussion of 
results it is assumed that for seizure of metals, not only must there be intimate contact of clean 
surfaces, but in addition an energy barrier must be overcome. 

Other hypotheses of seizure are considered. The influence of chemical composition on seizure 
is shown to be considerable in the case of copper alloys. 


The phenomenon of joining of metals in the solid state is very common in the 
friction of metals and sometimes this is the main reason for very severe damaging 
and extensive wear of surfaces subjected to friction. It takes place during the friction 
of machine parts, and also during technological processes of cutting, and plastic 
deformation of metals between tools and deformed metals. Technological processes 
of joining metals, such as cold welding, pressure welding, ultrasonic welding and roll 
bonding are impossible without this phenomenon. Finally, for the process of plastic 
deformation itself, this phenomenon is of great importance, since it is a mechanism 
that rectifies the faults of crystal lattice in the process of plastic deformation. 

It is considered better to divide this phenomenon into two parts!. The first part is 
sintering, more correctly the first stage of sintering, which is possible for temperatures 
above the recrystallisation temperature, or for very unstable conditions of the crystal 
lattice. This phenomenon is time-dependent and has the nature of a diffusion process. 
The reason for joining in this case is spontaneous movement of atoms in the crystal 
lattice. This phenomenon is the basis of powder metallurgy and is very important for 
the explanation of high-temperature friction. 

The best name for the other phenomenon would seem to be seizure. This type of 
adhesion is forced. The phenomenon of seizure is time-independent and has not the 
nature of a diffusion process. This is possible at all temperatures, but pure seizure 
takes place only if the temperature is below the recrystallisation temperature. This 
type of joining is a result of mutual deformation of two metal bodies. Friction in 
reality is the process of mutual deformation. Seizure, which very often occurs in this 
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case, is responsible for the damaging of surfaces under friction, called scuffing, scoring, 
galling and seizing. 

It is possible to study seizure of metals in the processes of friction, cutting and 
mutual plastic deformation. In the processes of friction or cutting of metals, temper- 
ature, pressure and the value of plastic deformation at the points of intimate contact 
are unknown. The most convenient method of studying this phenomenon is the 
method of mutual plastic deformation of two metal specimens. In this case it is 
possible to have precise information about conditions at the contact. It is very easy 
to measure the pressure, value of plastic deformation and temperature. 

There are many possible methods of mutual deformation for determining conditions 
needed for seizure of metals, for example, rolling, deformation of rods and deformation 
of sheet material with special punches. The last method, named “‘cold welding”’, is quite 
common in industry for joining metals and has been and it is very convenient for 
the study of seizure. 

The study of the mutual deformation of two sheet specimens by means of long 
narrow punches? has shown that in the case when width of the punches and thickness 
of the specimens are equal, there is a local deformation of the metal near the centre 
of the volume between the deforming surfaces of the punches. Fig. 1 shows coordinate 
pattern on the cross section and on the contact surface of the specimen after plastic 


Fig. 1. Changing (as a result of plastic deformation) of coordinate patterns drawn on: (a) cross 
section of specimen with double thickness; (b) mating surface of specimen. a; distance between 
lines before deformation; ag distance between lines after deformation. 


deformation. Surface layers of the metal in the area of contact move away from the 
centre, together with oxide films. At the contact under very great pressure new 
surfaces of the metal arise in the nascent condition. In this case there is intimate 
contact of clean metallic surfaces, without any interference with the ability of the metals 
to seize or to join in solid state. I must say that it is only so if the surfaces of the 
specimens have no lubrication films with very active molecules. 

Some research workers use plain narrow punches (Fig. 2a) for the deforming of 
sheet specimens. Deformation along these punches is constant. For determining 
the seizure deformation one has to test a large number of specimens with gradual 
increasing deformations. It is a very long procedure. We have developed a more 
convenient method (Fig. 2b). The basis of this method is the same, i.e., mutual plastic 
deformation of two sheet specimens with narrow punches. Each punch in this case 
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has two symmetrically-inclined deforming surfaces of the same width as the thick- 
ness of the specimens. 

If the angle between deforming surfaces of the punches is very small (as it was in 
our case) the difference in conditions of deformation (and flow patterns) of specimens 
between plain (Fig. 2a) and symmetrically-inclined (Fig. 2b) punches is practically 
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Fig. 2. Schematic representation of punches for deformation of sheet specimens: (a) plain punches; 
(b) symmetrically-inclined punches. 


Pressure »Kg 


Depth of penetration of punches, °/o 


Fig. 3. Method used for evaluation of the Fig. 4. Relation between load and deformation 
seizure deformation. x — minimum depth of (sheet specimens from pure aluminium, thick- 


punch penetration needed for seizure. ness 3 mm): (a) annealed specimens; (b) work- 
hardened specimens. The seizure deforma- 


tions are marked by points. 


negligible. The value of deformation along the punches is smoothly changing from 
the maximum, in the middle, to the minimum near the ends of the punches. In this 
case it is very easy to determine the value of seizure deformation with only one pair 
of specimens. For this purpose one must pull away the ends of the deformed specimens 
(Fig. 3). The specimens are separated very easily till the border of the junction. The 
maximum thickness of joined specimens near the border of the junction is measured 
in order to obtain the minimum seizure deformation. 

For determining the seizure pressure, we must deform other pairs of the same 
specimens with plain punches (Fig. 2a), and record the dependence of the load on 
the deformation (Fig. 4). The value of the load on this curve, which corresponds to 
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the deformation of seizure divided into the area of the deforming surface of the punch, 
is the specific seizure pressure for these conditions of deformation. 

This method is very convenient for determining the ability of metals to join or to 
seize. It is possible to study the influence of temperature, work-hardening of metals, 
speed of deformation, pressure, chemical composition and so on, on the seizure of 
metals and alloys. With the help of special hermetically sealed capsules? it is very 
easy to carry out these experiments in different atmospheres (for example, inert gas) 
or vacuum. 

A very big influence on the phenomenon of seizure is surface films of organic 
compounds and, in some cases, thick oxide films. These films must be removed before 
experiments can be carried out. After degreasing, the surfaces are usually wire- 
brushed or scratched. Of course, the tool must be very clean and must not con- 
taminate the surfaces of the specimens. 

Another testing method has basically the same idea of deformation. In this case 
the same sheet specimens with the same preparation of surfaces are deformed by 
narrow rolls (Fig. 5). One roll or both have some eccentricity and, consequently, the 


10 20 30 40 50 60 70 80 90 100 
Depth of penetration of punches ,°/o 


Fig. 6. The effect of different liquids on the seizure deformations of sheet aluminium specimens 

(commercial purity, thickness 3 mm). The seizure deformations are marked by points on the curve. 

Dry surfaces: (1) scratch-brushed; (2) degreased by heating. Lubricated surfaces; (3) kerosene; 

(4) medicinal paraffin; (5) medicinal paraffin + 0.5% oleic acid; (6) turbine oil; (7) water: 

(8) engine oil; (9) medicinal paraffin +5°% oleic acid; (10) alcohol; (11) medicinal paraffin 
-+-10% oleic acid; (12) medicinal paraffin +50% oleic acid; (13) oleic acid. 


Wear, 4 (1961) 1-9 


THE PHENOMENON OF SEIZURE 5 


value of deformation along the specimens is changed. There is no need in special test- 
ing machines for this method. It is possible to carry out all experiments with a simple 
hand-driven device. 

These methods can also be used for evaluating anti-seizure properties of different 
liquids and lubricants and the influence of additives on them4. Increase of defor- 
mation, which is needed for seizure, is a measure of the anti-seizing or anti-scuffing 
properties of liquids. Fig. 6 shows the results of experiments for different liquids on 
the surfaces of aluminium specimens. Fig. 7 presents the results for paraffinic oil with 
oleic acid as additive. It is possible to use this method for evaluation of changing 
anti-seizure properties of oil as a result of oxidation (heating in air). Figs. 8 and 9 
show the result of experiments with oil films on the surfaces of aluminium specimens 
after heating them at various temperatures for various periods of time?. 

Finally, I wouldemphasise that it is possible to use these methods for studying seizure 
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Fig. 7. The effect of concentration of oleic acid in medicinal paraffin on the seizure deformation 
of aluminium specimens (commercial purity, after degreasing by heating). 
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Fig. 8. Influence of period of heating in air Fig. 9. Influence of temperature of heating in 
upon the seizure deformation of aluminium atmosphere upon the seizure deformation of 


specimens (covered with films of engine oil). aluminium specimens (covered with films of 
Temperatures of heating: (a) 200°C; (b) 250°C; —_ engine oil). Period of heating: (a) 2 min; (b) 
(c) 350°C; (d) 450°C. 5 min; (c) 10 min; (d) 20 min. 


only for metals and alloys in ductile or plastic conditions. Specimens of brittle ma- 
terials are often destroyed under a deformation which is less than the deformation of 


seizure. 
As a rule the joining of specimens takes place at a specific degree of deformation 


for each metal and according to the conditions of the test. The plastic deformation 
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not only creates clean surfaces, and provides for their intimate contact, but also 
distorts the crystal lattice of the metals, which is essential for seizure. The experi- 
ments have shown that various types of increasing energy of the crystal lattice (7.e. 
work-hardening, pressure, temperature) assist seizure. One type of energy can be 
replaced by another. If the temperature is higher, less pressure and deformation is 
needed. Work-hardened specimens need less deformation to seize but require more 
pressure. If the pressure is higher, it is possible to produce seizure with less defor- 
mation or lower temperature, and so on. Asarule, at temperatures below the temper- 
ature of recrystallisation greater deformation is needed than that required for ob- 
taining intimate contact of the clean surfaces. In these cases there are, prior to 
joining, very big forces of repulsion between pure surfaces. 

Consequently, we have supposed? that for seizure of metals it is necessary not only 
to have intimate contact of clean surfaces but also to increase the sum of the energies 
of the crystal lattice above some energy barrier. All metals have basically the same 
type of bonds between atoms in the crystal lattice: the metallic bond. Different 
metals have different types of crystal lattices. The crystal lattice consists of an array 
of atoms situated at fixed lattice points. Let us suppose that the metal of the speci- 
mens is the same, and surfaces are very smooth and crystal lattices have the same 
orientation. In this case it is possible to obtain spontaneous joining of two pieces 
of metal to form one (with the release of corresponding surface energy), as a result of 
simple contact. 

If the orientation of the crystal lattice of the specimens is different, or if we have 
contact of different metals with different crystal lattices, this joining is impossible 
without some distortion of the crystal lattices of surface layers. In actual fact, in 
the case of polycrystalline metals, it is impossible to get the same orientation of 
crystals in the contact surface. This explains the existence of some energy barrier 
which must be overcome before seizure can occur. The degree of misorientation, on 
the average, is constant for all cases of contact between two pieces of polycrystalline 
metal, and there is, as a rule, very little scattering in the value of seizure deformation. 

Other hypotheses were published later; their authors recognised the existence of 
an energy barrier (activation energy), but held a different opinion about the mecha- 
nism of seizure. PARKS of the United States thinks that this mechanism is recrystalli- 
sation’; ERDMANN-JESNITZER of Germany, believes it to be the result of diffusion’. 
I agree with the conception of the energy barrier in these hypotheses, but in my opin- 
ion there is no need for mutual recrystallisation or diffusion for seizure of metals 
to occur. These factors can have a positive influence on joining only after seizure 
and, even then, in the case of temperature, only above the temperature of recrystalli- 
sation (the first stage of sintering). Some experiments carried out in the Soviet Union’ 
and Germany® with very low temperatures have proved this point. It is impossible 
to suppose that seizure of such metals as copper, silver and aluminium, at the temper- 
ature of liquid nitrogen, is a result of recrystallisation or diffusion. The speed of 
deformation in these experiments was very low, and the rise of temperature of the 
specimens, as a result of plastic deformation, was negligible. 
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There are other hypotheses, namely that for the joining of two pieces of solid 
metal only the intimate contact of clean metallic surfaces is necessary since the 
energy of the system is less for joined specimens. (The term “intimate contact’’ 
means that the distance between the surfaces is equal to the possible distance between 
atoms in the crystal lattice). This I can agree with only in the case of the same 
orientation of crystal lattices of specimens, but in practice this is an unrealistic 
situation. These hypotheses attribute the different abilities of different metals to 
resist seizure, to the relative hardness of bulk metal and surface layers of oxide; if 
the relative hardness of oxide films is higher, then these films are destroyed more 
easily and the tendency to seize is greater. The first time such a hypothesis was 
published was by WHITEHEAD!°, BOWDEN AND TABOR?! for friction of metals, and 
later by TyLEcoTE!”, HucuHes!* and AINBINDER"4 for methods of joining metals in 
the solid state. The latter takes into account not only films of oxides, but also work- 
hardened surface layers of metals and other hard films. 

Many facts refute these hypotheses, e.g., experiments at different temperatures in 
an inert or reducing atmosphere with silver and copper’. In these experiments 
(deformation of sheet specimens in hermetically sealed capsules by means of long 
narrow punches) there were no films on the joining surfaces, but the seizure defor- 
mation and pressure change very quickly with temperature. Fig. 10 shows the in- 
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Fig. 10. Influence of temperature upon the sei- Fig. 11. Influence of temperature upon the spe- 
zure deformation of pure silver (in oxygen-free cific pressure of seizure of pure silver (in oxy- 
argon). gen-free argon). 


fluence of temperature upon the seizure deformation, and Fig. 11 the influence of 
temperature upon the specific pressure of seizure of pure silver (in pure argon). 
Fig. 12 shows the effect of temperature on the seizure deformations of pure copper 
(in reducing atmosphere). From these data it follows that it is possible to obtain 
joining of specimens practically without deformation only if the temperature is 
higher than the recrystallisation temperature. The same results were obtained at high 
vacuum (10-® mmHg). 

Let us consider briefly the influence of chemical composition on the tendency to 
seize. As a rule, the increase in concentration of dissolved components in homogeneous 
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alloys (solid solutions) decreases the tendency to seize. Quenching, which increases 
the concentration of the solid solution, has the same effect. It was found for copper 
that there is a parallel change in seizure deformation (Fig. 13), seizure pressure 
(Fig. 14), hardness and yield pressure with the change in the parameters of the 
crystal lattice (Fig. 15), resulting from foreign atoms becoming dissolved in the crystal 
lattice of the bulk metal. The basis of these changes is the change in the nature of 
the bonds between atoms in the crystal lattice. The metallic bonds became more like 


covalent bonds. 
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Fig. 12. Influence of temperature on seizure Fig. 13. Effect of atomic concentration of 
deformation of pure copper (inreducingatmos- alloying elements in copper on seizure defor- 
phere). mation. 
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Fig. 14. Effect of atomic concentration of Fig. 15. Relation between atomic concentra- 
alloying elements in copper on specific pres- tion of alloying elements in copper and param- 
sure of seizure. eters of crystal lattice. 


The study of the influence of the dissolved elements on the tendency to seize is 
very important for the evaluation of anti-friction properties of alloys. 

The tendency for seizure to occur between dissimilar metals during friction is very 
important, but perhaps the seizure tendency of the softer metal of a pair is more 
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important. In the case of the occurrence of dry friction at some points we always have 
transfer of the soft metal onto the harder metal. The contact of clean surfaces, or 
dry friction, occur under lubricated conditions as a result of high temperatures!> or 
large plastic deformation+. Transfer of metal can be a result of seizure or mechanical 
inter-locking and the shearing of asperities on the softer metal. The last phenomenon, 
for example, takes place during the treatment of soft metal by a file. As a result of 
transfer there is friction between the same metal, and on this occasion the tendency 
of the metal itself to seize is very significant. 

Seizure during friction. The process of friction is very complicated. On the surfaces 
are various films: adsorbed films and oxide films. The adsorbed films can be removed 
or neutralised by high temperatures at the points of real contact. The oxide films, 
which as a rule are very brittle, can be demolished by plastic deformation of the under- 
lying metal. All these factors have a big influence on the seizure and on the resulting 
damaging of the surfaces. 

It is quite possible that in some cases a reason for the damaging of surfaces by 
friction, referred to as scuffing, galling and scoring, and also build-up of metal on 
tools in cutting, is not seizure, but a simple mechanical inter-locking of asperities. 
This is very easy to imagine in the case of fast work-hardening metals. But in most 
cases the reason for it is seizure. 
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SUMMARY 


This paper deals with the measurement of oil film thickness between lubricated contacting surfaces 
under load. The ability to measure oil film thickness, in this case on gear teeth, may lead to a 
better future understanding of the best lubricant and tooth contour to be used for any given set 
of operating conditions for the reduction of wear. 

This paper differs from previous work13 in that the gears are 4DP instead of 6DP. Also, the 
teeth are cast iron instead of steel. The author expresses somewhat different views on the theory 
and suggests that relaxational effects in the lubricant and not pressure vicosity effects may 
explain in part the high load-carrying capacity of modern high speed gears. 


A study of the lubrication of gear teeth presents an imposing problem. In these 
investigations the nature of the lubricant film formed between the teeth has been 
studied by actually measuring the film developed between the contacting surfaces as 
the teeth mesh. 


HISTORY OF OIL FILM MEASUREMENT 


A number of experimenters have carried out measurements of oil film thickness 
between contacting lubricated surfaces. However, in most of the cases different test 
conditions existed so that direct comparisons are not possible. What data there is, 
however, serves as a guide as to what order of magnitude should be expected in a given 
set of operating conditions. 

LANE AND HuGuHEs! attempted to measure oil film thickness across gear teeth 
assuming that electrical resistance of the oil obeyed Ohm’s law, but their results 
yielded measurements of oil films between a small finite value and “‘infinitely’’ large 
values. In fact, they operated at less than 1/2 ampere of current flow, or a region in 
which the electrical resistance of the oil is linear; but discharge of current across the 
gap between two surfaces is difficult to maintain at these currents; hence the values 
of (so-called) “‘infinitely’’ large oil films are obtained at open circuit (7.e., no current 
flow). 

Crook? has measured oil film thicknesses successfully between discs by measuring 
the quantity of oil which has passed through the contact zone. This was done by 
locating two lightly loaded pads on the exit side of the contact zone and capacitance 
to measure the efflux of lubricant as it passed under the pads. For a disc loading 
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of 215 kg/cm approximately 1.6 w (microns) oil film was obtained; but because of the 
pads this method is not feasible for dynamic measurements on gear teeth. 

LEwICcKI has performed a number of experiments using a capacitance method but 
application of the method, particularly to heavily loaded contacts, is complicated by 
the fact that capacitance is a function, not only of gap thickness, but density and 
quality of the dielectric (in this case lubricant) and area of the two contacting 
surfaces; and, with increasing load, both the density of the lubricant and the area 
of the contacting flat change markedly. 

Brrx* observed in his experimental work using voltage drop that for thrust and 
journal bearings, oil films range between 2.5 w and 25 mw. Twiss> performed some 
very useful practical experiments. He found a matted sinter at the exit of the lubricant 
wedge 0.075-0.25 mw thick on a crossed cylinder machine; thus he estimates the oil 
film as being at least this thick. ZuIpEMAS states that the laws of hydrodynamics 
apply at oil films of 0.6 uw or more. 

COURTNEY-PRATT AND TupoR’ attempted to measure oil films on piston rings by 
electrical means but here again were not able to maintain a running record of oil film 
with time, being only able to record contacts as they occurred. 

For pure rolling, EL-Sisl AND SHAWKI8 obtained approximately 3 yw oil film thick- 
ness for a 151 kg load and 5.08 cm wide discs. The discs had a 7.6 cm radius. The 
two experimenters measured electrical resistance across the film with an additive in 
the oil to increase its conductivity. It must be assumed that the effect upon viscosity 
of the lubricant was negligible. (The gears of the present experiments have a 1.19* cm 
radius of curvature at the pitch line, 5.08 cm face and are under a 180 kg load.) 

For a pad thrust bearing, KAGAN, BOGDANOV, AND YANTOVSKII® obtained experi- 
mentally a thickness of 150 w for a load of approximately 900 kg. No dimensions were 
given on the pad so that specific loading was not available. In another phase of their 
tests, however, they used 212 g/cm2. Induction coils placed between pads and the 
gap governed the amount of voltage induced hence gave a measure of oil film thick- 
ness. A summary of measurements by several experimenters is given as follows: 


Experimenter Thickness (i) Conditions 
KaGAN 150 Thrust pad bearing 
Brix Range 2.5-25 Thrust and journal bearings 
SHAWKI AND EL-SIsI 3 30 kg/cm on discs 
CROOK 1.6 21.5 kg/cm on discs 
MacCoNnocHI£ AND 
CAMERON 1.0minimum@®@ Pitchline 537 kg/cm on precision steel gears 
ZUIDEMA 0.6 States that hydrodynamic conditions 
exist above this figure 
MacCoNnocHIE AND 1.0 mean at pitch line Commercial cast iron gears 2 in. face 
NEWMAN width 36 kg/cm, at lowspeed (300r.p.m.) 
TwIss 0.075—-0.25 Pure sliding on crossed cylinder machine. 


THE NATURE OF THE OIL FILM AND PROBLEMS OF MEASUREMENT 


In the year 1883 an engineer named Tower accidentally stumbled upon a very 
interesting fact, namely, that a cork he had pressed into a hole drilled in a bearing 


* Combined radius of curvature: 1/fi + 1/R2 = 1/R. 
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was forced out when the bearing was put into motion. Thus he concluded that when 
two surfaces are separated by an oil film and one of the surfaces is in motion an oil 
film pressure is developed which keeps the surfaces separated and supports a load. 
In fact, on lightly loaded bearing surfaces cases are known in which no visible wear 
was apparent although the bearing had been run for hundreds of hours: conclusive 
proof of a protective film. 

The generation of a lubricant film and its load-carrying capabilities between two 
bearing surfaces is now a widely understood engineering phenomenon. If a bearing is 
made of transparent plastic, the film can be seen as the bearing rotates. If the bearing 
is large, by optical or other means the movement of the end of the shaft can actually 
be observed; and as the shaft is started up it is observed to rise (from the at rest 
position) as the load-supporting lubricant wedge is developed. Lubricant films thus 
formed may be as much as 0.003 cm thick or more. 

But what about point or line contact such as is the case with ball or roller bearings, 
gears or discs? Here the contact pressures may be of the order of 7,000 to 10,000 kg/cm? 
as compared with 10 kg/cm? for the journal beating and oil film thicknesses of the 
order of 0.0001 cm. Now the lubricant film formed is of the order of magnitude of 
the surface roughnesses of the two contacting bodies and not much larger than the 
size of foreign particles in a highly purified oil passing through the gap. 

Sometimes there is a substantial lubricant film between the surfaces and at others 
a foreign particle wedges its way through between two surface roughnesses (t.e., 
asperities) ; at other times two or more asperities come into physical contact. Depend- 
ing upon the relative waviness of the surfaces and the difference in particle sizes 
contact may only occur at one point along the contact line while lubrication is hydro- 
dynamic in other regions. Another factor affecting thickness readings is the size of 
the contact zone since the larger the contact area the greater the chance for a particle 
of large size to be in the gap. 

eTo complicate the picture further, the film formed is constantly subjected to 
dynamic loads on the gear train, vibration of the gear teeth, and shafts. Imperfections 
in tooth contour and pitch also alter the picture. Localized “‘conflagrations’’ resulting 
in chemical reactions may occur at heavy loads. 


TECHNIQUE OF MEASUREMENT 


In any case, the problem is not a simple one and the change in character of the 
lubricant under pressure and the elastic deformation of the surfaces precludes the 
use of capacitance means for measurement. 

The method used in these studies may be referred to as a “‘sustained discharge’’!® 
technique since it is based upon the utilization of a continuous electrical arc to 
perform the measurement of the oil film formed. The measuring arc, it is presumed, 
takes the most propitious path across the gap formed by the generation of a lubricant 
wedge. If a foreign particle of lower dielectric strength than the oil appears in the gap 
between the two contacting surfaces the arc will take up a position across the particle. 
The resulting reading of oil film thickness will be “‘net’’ thickness. 


Wear, 4 (1961) 10-21 


LUBRICATION OF GEAR TEETH T3 


Also, if a particle were to pass through the contact zone such that it touched both 
surfaces simultaneously, the resulting reading would be ‘‘zero’”’ although lubrication 
was hydrodynamic elsewhere. In practice, the measuring arc will move from one 
position to another all along the contact line. On the other hand, if the two surfaces 
are stationary the arc is apt to discharge at one point getting hot enough to cause 
erosion. Under these conditions the oil continually breaks down, metal of the two 
surfaces goes into solution and foreign particles gather in the gap under the action 
of electrostatic forces caused by the electric charge. Under these conditions the 
reading of thickness of the film appears to change continually11. 

The method of applying the measuring arc involves the use of a 6 V battery. 
One of the two surfaces (in this case one of the gears) is insulated electrically from 
its surroundings. The voltage is applied to the end of the shafts by two current- 
carrying brushes and the voltage drop across the oil film formed is measured by means 
of two voltage-carrying brushes to an oscilloscope and recorded with the use of a 
Polaroid Land Camera (Fig. 1). 


Fig. 1. Back-to-back gear rig. Gear (3) is completely insulated from its surroundings so that a 

voltage can be applied between it and the mating gear. It is the fluctuation in voltage across the 

two gears which gives a reading of oil film thickness. 1, Drive; 2, variator; 3, insulated gear; 
4, Measuring circuit; 5, marking circuit; 6, trigger circuit. 


Other accessories are required on the test set-up such as a magnet located along 
the side of the teeth to provide a marker (smooth trace in photograph) for tooth 
position. Another attachment is a microswitch in a voltage circuit used to trigger 
the scope at the same tooth each time. 

The calibration work is carried out on another test rig which is provided with 
means for measuring the voltage drop across a lubricant film formed between one 
moving and one stationary surface. In the case of the calibration rig means are pro- 
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vided for measuring optically the actual oil film thickness for a given voltage drop. 
It is found that once the discharge is started and a current of approximately I A is 
maintained the voltage drop across the film is linear with changes in oil film thickness ; 
this gradient is found to be 160 V/mm (ref. 12). 


APPARATUS 


The gear rig itself is a back-to-back arrangement so that large amounts of power 
may be circulated without the need of a dynamometer or brake (see Fig. 1). To apply 
a load to the gears one shaft coupling is “‘broken’’ and a known torque is applied. 
While the torque is still being applied the coupling is tightened and a torque is thus 
locked into the system. 

Electrical insulation of one of the test gears is accomplished by use of plastic shims 
under the two supporting bearings and a rubber insert on the driving coupling. The 
gears are 4 diametral pitch, 5.08 cm face width and have 28 and 32 teeth respectively. 
They are of standard involute form. 


RESULTS 


In these tests the load was maintained at a constant value of 36 kg/cm and the 
lubricant used was SAE 30 straight mineral oil, paraffinic base. The different vis- 
cosities were obtained by varying the temperature of the lubricant supply with an 
immersion heater. As one might expect (see Fig. 3), the average oil film thickness 
decreases with increased temperature and diminution of viscosity. As mentioned in 
the preceding paragraphs, the oil film thickness is the same order of magnitude as the 
surface roughnesses and foreign particles in the oil. Therefore it was impossible to 
obtain a smooth trace. 

In Fig. 4 the mean at the pitch line is plotted along with mean at the roots. It will 
be noted that the thickness at the roots is 500 A or less while the thickness at the pitch 
line varies increasing with viscosity to approximately 20-10-5 cm at 170 cS. Some 
idea of the thinness of oil films on gear teeth is given by the fact that gears can run 
from I to 2 min with the lubricant supply cut off and only on the lubricant that ad- 
heres to the tooth faces. 

It will be noted that the oil films we obtained in the present study are slightly 
smaller than those obtained by CAMERON AND MacConocutE!’. The discrepancy 
may be explained by the poorer surface finish (commercial cast iron 1.5 to 2.0 u 
r.m.s. as compared with 0.4-0.6) and also may be due to the greater face width of 
the gears, 5.08 cm as compared with 1.11 cm). It is a simple statistical proposition 
to postulate that there is a greater chance for particles of larger size to be present 
in a larger contact region at any one time. Also, the chances of two large asperities 
on the surfaces coinciding is greater for the larger contact zone. (Contact zone means 
here pressure zone of the oil film.) A technique such as the present one in which the 
minimum distance is recorded may suggest that the mean oil film is less for surfaces 
contacting over larger areas, which is not necessarily the case. It becomes apparent 
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that the term, “‘oil film thickness”’ is illusive and requires considerable definition when 
used. The graph plotted (Fig. 4) is the mean of the minimum values found. 

Surface finishes vary widely on gears. However, a good initial finish may be 0.4— 
0.6 w r.m.s. On ground test gears after wearing in finish may be 0.2-0.4 mw. As for 
foreign particles in a well filtered oil, they may range from 3 to 7 w; these magnitudes 
refer to their longest dimension. If the foreign particle is metallic it is usually “‘wafer’’- 
thin and long. Presumably it goes through the contact zone on its small dimension. 
Across the small dimension it appears under the microscope to be at least 1/10-1/20 
the length, which gives a value of less than 0.5 w for the thickness of the particle. 
This compares with a thickness at the pitch line (Fig. 4) of 1.0 & (net) thickness, 
“net”? meaning thickness of the oil film minus the thickness of any particles in the 
gap at the time. 

Fluctuation of the traces due to surface roughnesses and particles in the oil may 
be referred to as minor fluctuations, while over-all fluctuations of the film caused by 
progress of the contact point up the face of the tooth as major fluctuations (Fig. 3). 
It may be noted that the maximum oil film thickness occurs at the pitch line where 
pure rolling action takes place (Fig. 2). This is in expected agreement with behavior 
of gear teeth in that damage — hence the thinnest oil films — occurs at the roots 
and tips of the teeth. 


0.5 (3.2+107&cm) 


Volts 


| 
a i, i 


Oil film trace 


Pitch point 


| 


Marker trace 


Fig. 2. The marker trace is obtained from a magnet placed in the proximity of the test gear. 
The measuring trace above it shows small high frequency fluctuations of film thickness due to 
surface roughnesses, etc., but a tendency to be thickest at the pitch line. 


The behavior is somewhat in contradiction to our present knowledge of the load 
picture in that one pair of teeth assumes all the load at the pitch line while the load 
may be shared by two pairs of teeth at the roots and tips. The adverse load picture 
at the pitch line, however, is outweighed by the high sliding action at the roots and 
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Fig. 3. These traces were obtained from tests of 4DP gears operated at 300 r.p.m. and a load of 

200 lb./in. of face width. For details concerning traces see Fig. 2. The measuring trace can be 

expected to fluctuate since surface roughnesses and dirt particles in the oil are of the same order 
of magnitude as the oil film being measured. 


30+ 
0 
2 as} 
be F 
15) . 
B20 
o 
ve 
6 
£15 
E 
Pea) 
) 
oe 
Mean at roots 
PRR eae OS of ~ 
O 50 100 150 200 
Viscosity-—cS 


Fig. 4. The uppermost plot shows me 
lower plot shows minimum at the roo 
about wear of gear teeth wherein gre 


an oil film thickness at the pitch line of mating gears. The 
ts. The experimental findings agree with present knowledge 


atest wear starts at roots and tips where the oil film is the 
thinnest. 


Wear, 4 (1961) 10-21 


LUBRICATION OF GEAR TEETH D7 


tips of the teeth and subsequent loss of viscosity at these points. One other factor 
at roots and tips, particularly at points of tooth engagement, may also be high 
impact loads caused by excessive interference. Interference may be caused by actual 
errors in contour or large deflections under heavy loads which, in effect, causes the 
teeth in engagement to be out of pitch by a small amount with the teeth coming 
into engagement. 

In all of the traces obtained it will be noted that, at all temperature ranges, some 
oil film was maintained at the pitch line, while along other portions of the tooth 
face the oil film thickness varied all the way to “zero’’. It is appropriate to mention 
here that a point on the trace shown by the present measuring technique as ‘‘zero’’ 
may really represent boundary conditions; that is, the action of the lubricant film 
is no longer hydrodynamic but one of chemical surface reactions. Operation of many 
modern gear trains under the action of heavy loads may be in this region much of 
the time. Addition of special additives such as sulphur, lead, etc. is required and if 
straight mineral oils had been used failure would have been imminent. 


DISCUSSION OF RESULTS 


In all of the work carried out in this field it is very evident that it is difficult to main- 
tain a continuous lubricant film under point or line contact and pure sliding. However, 
if the two curved surfaces are rolling, little difficulty is found in maintaining a film 
of substantial dimensions at almost all viscosities and loads. 

The same difficulty in supporting a load under conditions of pure sliding and point 
contact is found in the four-ball rig wherein all contacting spheres are held rigidly 
without rolling while a load is applied. Even at the lightest loads a wear scar develops, 
indicating that a continuous hydrodynamic film was not maintained*. 

In the absence of a hydrodynamic film it is necessary to have an extreme pressure 
additive or boundary lubricant which will act as a film of molecular dimensions or 
form a chemical reaction to prevent welding of the surfaces in localized regions. 
Boundary conditions such as described above exist (very prominently) at the roots 
and tips, for example in Fig. 2, where so-called “‘zero’’ oil film is indicated. 

The present measuring technique indicates only the presence (or absence) of a film 
between the two surfaces of finite dimensions, while the nature and action of the film 
formed under boundary conditions is another study all in itself. The traces may show 
the same extent of ‘‘zero’’ or boundary film along the tooth face for a given set of 
conditions for two different lubricants, but the one lubricant performs more satis- 
factorily because of better e.p. properties. 

The technique used does make it possible to ascertain for a given set of operating 
conditions what portion of the contact along the face of the tooth is boundary and 
what portion is hydrodynamic. It is for obvious reasons undesirable to operate under 
boundary conditions if this condition can be avoided, higher rates of frictional heating 
in the contact zone being one objection, and the possibility of failure of the boundary 


* From observations of the co-author (Prof. MAcCoNnocuiE) in routine tests on a four-ball rig 
at the Admiralty Oil Laboratories, London. 
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lubricant in localized regions which would result in scuffing damage of the two surfaces 
another. 

With the technique used the best lubricant viscosity and tooth contour could be 
selected for a given set of operating conditions to minimize boundary operation. 


A PRELIMINARY THEORETICAL APPROACH 


In the foregoing patagraphs it was pointed out how difficult it is to support a load 
under pure shear action within the lubricant film when point or line contact is 
involved (point or line contact as contrasted to area contact such as a journal 
bearing). 

The high load-carrying capacity of a lubricant under conditions of pure rolling 
cannot be explained by Newtonian theory alone according to which shear in the plane 
of the film builds up a pressure normal to the film; in regard to pressure viscosity 
it is unlikely that the change can take place during such short contact times!4. The 
results obtained on the traces strongly suggest that some other mechanism is at work, 
such as relaxational effects, when pure rolling is involved. (Note how rapidly oil film 
builds up at the pitch line where the action has changed from sliding to pure rolling, 
e.g., Fig. 3 G). Assuming the fluid is Maxwellian allows for large load-carrying 
capacity normal to the film, while its shear strength is low in the plane of the film, 
allowing for a low friction coefficient. 

The utilization of the values of pressure viscosity in lubrication calculations gives 
reasonable values for oil film thickness but unreasonably large values for friction 
coefficient!5 (0.7-1.0 as compared with known values of 0.006-—0.01). 

In the case of pure rolling the two surfaces are brought together in what is often 
referred to as a “‘squeeze’’ action, 7.e., there is very little motion of the surfaces in 
the plane of the film such as sliding and the surfaces approach each other very 
nearly along a normal. 

This latter condition means that the lubricant film already on the surfaces of the 
gears is subjected to a very high rapidly applied normal force at very low initial 
rates of strain. The above condition meets all the criteria set forth by MAXwELL!6 
for a fluid to exhibit elastic properties, namely, conditions of a rapidly applied load 
at low rates of strain*. On the other hand, if the rate of load application is low and 
shear (or strain) rate is high the viscous properties of the lubricant are demonstrated 
and the energy dissipated in the film is high. Such a condition exists for pure sliding; 
a poor situation indeed for support of a lubricant film, as pointed out. The relaxation 
phenomenon (very evident under rolling conditions) is described by the following 
equation: 

Cemer x Tends 

a Ga ¥ 
* GATCOMBE!? calculates contact time on a 17-tooth pinion running at 5,000 r.p.m. as 37 sec. 
Under the load given the Hertzian flat was 0.0103 cm wide.'LaAMB AND BaRLow!8 experimentally 


find that relaxational effects in a lubricant become evident at 10-6 seconds. However, the ex- 


periments were conducted at atmospheric pressure. It is quite possible that relaxation times are 
somewhat longer for lubricants under pressure. ‘ 
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where de/d¢ is rate of strain approaching zero for pure rolling, 7 is Newtonian viscosity, 
S is applied stress, G is modulus of rigidity, and dS/d¢ is rate of application of stress. 

In the gear tooth problem the rate of strain is said to be low when the teeth are 
rolling in the vicinity of the pitch line, while the rate of application of stress as the 
surfaces suddenly come together, is high. 

The relaxation process is aptly demonstrated by visualizing two plates oscillating 
normally to each other with sinusoidally decreasing velocity. A lubricant is present 
between the two surfaces. At maximum and minimum displacements of one plate 
relative to another (7.e. zero velocity or rate of strain) the relaxational effects in the 
lubricant exhibit themselves. Energy dissipated in the film is at a minimum. On 
the other hand, at the mean position (max. velocity of the plate) the energy dissipated 
in the film is a maximum, while the relaxational effects are at minimum. 

It will be assumed that de/dt is very small and approaches zero; then eqn. (1) 


becomes 
I rt dS 
fo) | 
7) G dt 
A solution to this equation is 
iG 
S=Se 7? (2) 


where G/y is the reciprocal of relaxation time, a constant for the lubricant, So is 
resisting stress, and ¢ is time lapsed from Ist application of the stress. 

It can be seen from eqn. (2) that the resisting stress of the film to an applied stress 
decays as a function of time, 7.¢., the lubricant “‘relaxes’’ from an apparently elastic 
state to a viscous one wherein its load-carrying capacity is much reduced. If two 
plates were brought together under impact with a lubricant between them it would 
be relatively easy to visualize time ¢ in eqn. (2) as commencing at the moment of 
impact. 

But what about gear teeth? The authors would like to suggest in this case that ¢ 
in eqn. (2) is the time lapsed for transit of the lubricant through the contact zone; 
that is, 

b 
i Ane, (3) 
where 6 is width of contact (Hertzian) flat, and Vi and V2 are absolute velocities of 
the two surfaces (7.e., relative to the earth). If the two surfaces are sliding then the 
above equation becomes: 


b 
fs = = 
WV; (4) 
Further, if Vi = —V2 (reversed sliding) ¢ > oo that is in relation to the equation a 
“long time’’ has elapsed and the lubricant is fully relaxed to a viscous state. It is 
known that reversed sliding is in fact one of the worst conditions for development 


of a lubricant film. 
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If pure rolling exists the transit time of the lubricant is given by eqn. (3) Vi = V2; 
t becomes small and if V1 and V2 are large the elastic (or visco-elastic) properties of 
the lubricant come into play since the lubricant may be elastic, 7.e., “‘unrelaxed’’ as 
it passes through the contact zone. It is the authors’ contention that it is the elastic 
properties alone which make it possible to support loads at the high pressures found 
in point or line contact of elastic bodies — and this, of course, applies to gear teeth, 
particularly in the vicinity of the pitch line. 


PREVIOUS THEORY 


In relation to the approach to the theory proposed above, the concept of a “‘squeeze”’ 
film has been studied both by ARcHIBALD!® and GATCOMBE”® although no mention 
is made regarding relaxation time. GATCOMBE designed a rig using discs in which one 
of the discs was made to vibrate normally to the other. He noted an increase in load 
capacity under these nonsteady-state conditions. 

ARCHIBALD extends the theory in a study of the load capacity and time relations 
for squeeze films. UNDERWOOD?! has also studied these effects. This method of 
generating a positive pressure in a film was recognized earlier by REYNOLDs and a 
term included in his differential equation for pressure in a film. In the above theories, 
however, the fluid was treated as Newtonian. 


CONCLUSIONS 


(x) The lubricant film formed between two gear teeth is small and of the order 
of magnitude of the surface roughnesses and foreign particles in the lubricant. 

(2) The film at almost all loads is hydrodynamic at the pitch line, while for heavily 
loaded gears lubrication is under boundary conditions or is quasi-hydrodynamic. 

(3) The portion of the tooth face operating under boundary conditions depends upon 
the load, tooth contour, surface finish, impurities in the lubricant, and lubricant 
viscosity. 

(4) The fact that a hydrodynamic film can be maintained between two surfaces in 
contact under pure rolling action strongly suggests that some other mechanism is at 
work — for instance relaxational effects in the lubricant. 

(5) Pressure viscosity when used for thickness calculations gives reasonable values 
for oil film thickness but when the same values of viscosity (of the oil under pressure) 


are used to calculate friction coefficient the results become unreasonably large, i.e. 
= 0.7 or greater. 
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SUMMARY 


This paper describes a crossed-cylinder type of wear machine which is designed for use in con- 
junction with a standard centre lathe. The machine may be employed in the following methods 
of testing: 

(1) The test specimen at rest in contact with the rotating cylinder. 

(2) The test specimen being traversed along the axial direction of the rotating cylinder. 

(3) Tests similar to (2) where a cutting tool prepares a freshly machined surface at a fixed time 
interval ahead of the wear test. 

Results for these methods of testing are given for the severe dry wear of a 60/40 brass rubbing 
on mild steel. For tests of type (1) the wear rate is initially constant and then increases owing 
to the effect of transferred metallic films. This type of behaviour is not noted for tests of type (2). 
In tests of type (3) it is observed that the wear rate increases as the time interval between cutting 
and testing decreases and that marked intermittent seizure is also apparent. 


ZUSAMMENFASSUNG 
EINE VERSCHLEISSPRUFUNGS-MASCHINE MIT GEKREUZTEN ZYLINDERN UND IHRE ANWENDUNG AUF 
DIE UNTERSUCHUNG DES SCHWEREN VERSCHLEISSES VON MESSING AUF WEICHEM STAHL 


Die hier beschriebene Priifvorrichtung mit gekreuzten Zylindern wird auf einer normalen Dreh- 
bank gebraucht und zwar wurden die folgende drei Untersuchungsmethoden angewandt: 

(1). Der Priifling in Ruhelage in Kontakt mit dem rotierenden Zylinder. 

(2). Der Priifling kreuzt den rotierenden Zylinder in der Langsrichtung. 

(3). Ahnliche Versuche wie unter (2) jedoch erzeugt ein Schneidegerat eine neue Oberflache, 
wahrend eines bestimmten Zeitabschnittes, kurz vor dem Abriebversuch. 

Versuchsergebnisse fiir den schweren Trockenverschleiss von 60/40 Messing gegen Fluss-stahl 
werden mitgeteilt. Bei der ersten Versuchsanordnung ist die Verschleissgeschwindigkeit zunachst 
konstant, wachst jedoch schliesslich infolge der Ubertragung eines Metallfilms. Diese Zunahme 
wird bei der zweiten Versuchsanordnung nicht beobachtet. Bei der dritten Versuchsanordnung 
nahm die Verschleissgeschwindigkeit zu wenn der Zeitraum zwischen schneiden einer neuen 


Oberflache und Abrieb kleiner wurde, hierbei trat auch unstetiges Verschweissen der Oberflachen 
auf. 


INTRODUCTION 


A cross-cylinder type of wear machine has been designed for use in conjunction with 
a standard centre lathe. The use of the machine does not involve any modification 
to the lathe and it may be rapidly assembled for operation. It is of simple design since 
most of the features of its various methods of testing are provided by the standard 
characteristics of the lathe. Thus location, drive and speed control of the rotating 
cylinder and traversing of the fixed cylinder are catered for by the lathe, which may 
also be used for the preparation of the surface of the rotating cylinder. The application 


of load and the measurement of wear and the frictional forces are features which are 
incorporated in the wear machine. 
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THE WEAR MACHINE ATTACHMENT 


A schematic diagram of the machine is shown in Fig. 1, and Fig. 2 shows the machine 
in position on a standard centre lathe. The non-rotating test specimen is located by 


Fig. 1. Schematic diagram of the crossed-cylinder wear machine. The rotating cylinder is shown 
dotted. 


Fig. 2. The wear machine in position on the lathe. The microscope and beam-retaining clip are 
not shown. 


Wear, 4 (1961) 22-31 


24 J. HALLING 


two pins (Fig. 3) between steel spacers, one of which has a series of twelve holes around 
its periphery. This assembly is held in the cradle A by a long bolt such thak ne 
specimen and its spacers are free to rotate. The specimen may be fixed at any position 
by tightening the clamping screw B, so that it locates in one of the twelve holes. 

The cradle A is secured by a phosphor-bronze strip hinge C, to the loading beam D, 
which is pivoted on a knife edge E. This beam locates in an accurately machined slot 


Cradle A 


Fig. 3. Details of the fixed cylinder assembly. 


which limits its lateral movement. The pivot is adjustable in height above the auxili- 
ary base F, which may be traversed along the base plate G by the micrometer hand- 
wheel H. The base G is located on the cross slides of the lathe at the rear such that 
the fixed test specimen may rest on the rotating specimen. This rotating cylinder is 
fitted into the chuck of the lathe, its other end being located by a live centre fitted 
to the tailstock. 

An attachment is fixed to the vertical pillar by a U clamp and rigidly supports 
one end ofa din. x } in. section cantilever measuring beam J. The deflection of this 
cantilever is indicated by a dial gauge (1/10,000 in. per division), which is attached 
to its free end. The frictional force is transmitted to the measuring beam by a small 
coupling which is fitted with a spherical contact pin resting against the beam. 
Damping of the system is provided by a simple paddle, P, rigidly fixed to the cradle 
A and contained in an oil bath fixed to the base F. 

The clip K attaches to the rear end of the loading beam to hold the static cylinder 
clear of the rotating cylinder. A microscope L, which has a scale in the eyepiece, is 
rigidly fixed to the base F. By releasing the clamping screw B the static specimen 
may be rotated so that the wear scar may be indexed under the objective of this 
microscope. The microscope has alternative objectives, the eyepiece scales being 
appropriately calibrated to give direct measurement of the minor diameter of the 
wear scar. The microscope and the retaining clip K have been omitted in Fig. 2 to 
avoid complexity. 


A tungsten carbide-tipped tool is fixed to the front tool post of the lathe for pro- 
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duction of an appropriate test surface on the rotating specimen. This surface is 
produced by cutting dry, using a light finishing cut. A small spring-loaded brush 
made from a wad of clean dry filter paper is fixed just below the cutting tool. This is 
in contact with the rotating specimen and removes any loose debris from the surface 
prior to its entering the contact zone between the two cylinders. 

The normal loads produced by the loading beam and the frictional loads correspond- 
ing to the readings of the dial gauge were determined by a simple calibration. 


DETERMINATION OF THE WEAR RATE 


In the tests here reported the wear is measured of the 60/40 brass cylinder in contact 
with a rotating mild steel cylinder*. The depth d of the wear scar on the brass 
cylinder is assumed to be small in relation to the radii a and 0 of the steel and brass 
cylinders respectively. For these conditions an approximate expression for the volume 
common to the two interpenetrating cylinders, 7.e. the volume of the wear scar, is 
given by: 

Ve ny/a.b.-d? -- eee d3 (... neglecting higher terms.) 

8 ab 

Moreover, the depth of the wear scar is related to the minor diameter of the scar 2 ¢ 
by the expression 


=r —4 


4b 


Using these two relationships and neglecting terms of higher order than c® gives 


vay ca 4 HE (; Se. 


Anti 8b4 8a 


From calculation of experimental results in these series of tests it is found that the 
second term in this expression is negligible with respect to the first term. Thus the 
volume of wear in these tests has been derived in each case using 


METHOD OF WEAR TESTING 


The use of this machine is illustrated in the following by reference to results from a 
study of the severe dry wear of a 60/40 brass rubbing on mild steel. Three different 
methods of testing were employed using identical specimens in each case. 


* (0.20% carbon steel U.T.S. 29.2 tons/in.2 27.2% elongation. 60/40 Brass 0.1% lead U.T.S. 
23.1 tons/in.? 31.4% elongation.) 
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(1) Static tests 

The brass and steel specimens were prepared by turning dry to a good quality 
finish and were then cleansed by washing with carbon tetrachloride and allowing to 
dry in air. The brass specimen was fixed at position r by the clamping screw B and 
the saddle of the lathe was locked. The brass specimen was now gently placed in 
contact with the rotating steel specimen and the value of the frictional force at the 
instant of contact was noted. After a 5-sec interval the brass specimen was lifted 
clear of the steel and held clear by the clip K. The screw B was released and the brass 
specimen was rotated so that the wear scar could be measured by the microscope, 
finally being returned to its original setting and again clamped in this position. It was 
brought into contact with the steel specimen for a series of 5-sec time intervals,the 
size of the wear scar being measured after each interval. The instantaneous value of 
the frictional force was also noted at the end of each time interval. The test was 
concluded when the wear scar had reached the maximum value which could be meas- 
ured by the microscope scale. 

Similar tests to the above, under identical conditions, were carried out using 
10-, 40- and 120-sec intervals between successive measurements of the wear scar. The 
results from these tests show that the period of interruption of the test does not 
have any significant effect on the overall wear characteristics, although the smaller 
time interval tests provide a more detailed picture of the progress of the wear. 

Tests of this type were carried out in the range of rubbing velocities 0.78-7.20 
{t./sec (0.24-2.18 m/sec), the wear scar and the coefficient of friction being measured 
at 5-sec intervals. In most of these tests it is observed (Figs. 4 and 5) that the wear 
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Fig. 4. Wear characteristics in static type tests at various rubbing velocities. A 0.78 ft./sec; 
x 1.38 ft./sec; Ml 1.80 ft./sec; @ 2.45 ft./sec; + 4.10 ft./sec; @ 7.20 ft./sec. 
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rate is substantially constant for an initial period, after which time it displays a 
tendency to increase, this increase in wear rate being coincident with a decrease in 
the coefficient of friction. Such behaviour has been observed in similar tests! using 
a crossed-cylinder wear machine2. The actual wear measurements indicate a con- 
siderable local instability with respect to the general wear trends and a similar effect 
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Fig. 5. Variation of the coefficient of friction during the static type tests shown in Fig. 4. 


is displayed by the measured values of the coefficient of friction. The transition from 
one wear rate to a higher value is particularly noticeable at the lower rubbing veloci- 
ties. It is of interest to note the situation shown by the results at a rubbing velocity 
of 1.38 ft./sec (0.42 m/sec), where after a definite transition in the wear characteristic 
the original wear pattern is again reestablished together with an associated rise in 
the coefficient of friction. 

The wear rate, determined from the slope of the initial portion of the wear curves, 
is plotted against rubbing velocity in Fig. 6 and indicates a linearity between wear 
rate and speed, i.e. it substantiates that the wear is proportional to the relative dis- 
tance covered by the contacting surfaces and is independent of the velocity with 
which this distance is traversed. Such a result is not admissible for all material com- 
binations but is typical of the combination employed in these tests. The values of the 
peak and the steady values of the coefficient of friction are also shown in Fig. 6 and 
again confirm the anticipated fall with increasing speed. 
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From these results it is believed that the local variation of the wear rate and the 
coefficient of friction may be associated with the transfer of metallic films of brass 
onto the steel surface. This is supported by studies of brass transfer? but it is noted 
that when the geometry of the test system allows the wear debris to escape the es- 
tablishment of stable films would not be expected. This is borne out by the results 
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Fig. 6. Variation in wear rate and coefficient of friction with rubbing velocity for the tests shown 
in Figs. 4 and 5. x Wear rate; e maximum w; O minimum yp. 


here reported in the second test series, where the brass cylinder is traversed axially 
along the steel cylinder during the wear test. Where such metallic transfer results 
in a continuous stable film being produced a resultant increase of wear and reduction 
in the coefficient of friction is established. Indeed, the existence of such films on 
the steel specimen was clearly visible in these tests. 


(2) Traversing tests 


The previous testing technique was employed with the exception that the fixed 
cylinder was traversed in the axial direction of the rotating specimen using the geared 
traversing system of the lathe saddle. The rotational speed of the steel specimen was 
constant and tests were carried out using different traversing speeds for the fixed 
cylinder. The results for such a series of tests are shown in Fig. 7 for a rotational 
speed of 410 rev/min. This figure also shows the results for a static test and the re- 
peatability of the results is shown for both the static and traversing conditions. 

These tests indicate that the traversing tests give more stable results for the wear 
curves and the change in wear rate with increasing time is not apparent. This prob- 
ably arises since the helical track of the brass specimen along the steel specimen 
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decreased the possibility of the formation of transferred metallic films because of the 
enhanced ability of wear debris to escape from the contact zone. This is also confirmed 
by the increasing stability of the wear curve as the traversing speed increases, i.e. as 
the angle of the helical path increases. 
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Fig. 7. Wear characteristics in the traversing type tests showing the effect of traversing speed. 

i Static test; [J static test (repeated); + traverse velocity 0.0028 ft./sec; O traverse velocity 

0.0057 ft./sec; @ traverse velocity 0.0113 ft./sec; x traverse velocity 0.0227 ft./sec; @ traverse 
velocity 0.0227 ft./sec (repeated). 


(3) Cutting tests 

These tests employed the same technique as the traversing tests but in addition 
a tungsten carbide cutting tool was fitted in the front tool post of the lathe. This tool 
was used to produce a freshly machined surface immediately prior to carrying out 
the wear test. The phasing of the tool and the contact zone, 7.e. the delay period 
between cutting and testing, was set by the micrometer handwheel controlling dis- 
placement of the auxiliary base of the wear machine. The same effect could be ob- 
tained using a fixed base for the wear machine and employing the hand traverse 
of the tool post although such a system does not give such a large range of movement. 
Using this system it was possible to perform wear tests under any desired operating 
conditions with a freshly machined steel surface being produced at some definite time 
interval ahead of the wear test. A spring-loaded brush made from clean dry filter 
paper was located below the cutting tool to remove any abrasive particles from the 
freshly turned surface. After measuring the incremental value of the wear scar it 
was necessary to allow cutting to proceed for the delay time period before again 
bringing the brass specimen into contact with the steel specimen. 
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In these types of tests, where intermittent seizure of the surface was prevalent, it 
was found that the frictional forces varied violently. It was thus found to be desirable 
to lock the measuring beam to its rigid support with a U clamp. 

Typical results for this type of test are shown in Fig. 8, which clearly illustrates 
the considerable instability due to intermittent seizure. The anticipated effect of 
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Fig. 8. Wear characteristics in traversing type tests where a freshly machined surface is produced 
at some time interval ahead of the test. 


greater wear for the tests performed at the shorter delay periods is also noticed. 
Similar results have been reported by STEIN4 when the oxide films were attenuated 
and by Tosuio Sata? in tests using a pin resting on a freshly machined surface. For 
comparison purposes, a traversing test under these conditions but without cutting 
taking place is also shown. 


CONCLUSIONS 


The interruption of tests for the measurement of wear at discrete intervals does not 
appear to have significant effects on the measurement of wear rate. It is recognised, 
however, that some part of the general instability observed in these tests might arise 
if the two specimens are not identically returned to the positions they occupied prior 
to an interruption in any test. The general wear and frictional characteristics of the 
tests here reported are in general agreement with the anticipated behaviour. In some 


of the tests the change in wear characteristics due to transferred metallic films is 
clearly demonstrated. 
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The ability of this type of machine to perform interrupted wear tests of different 
types obviously leads to a more detailed knowledge of the wear mechanism. It is 
envisaged that tests of this type will be used to study the effects of protective lu- 
bricant films, where the cutting tests in particular should prove of considerable 
interest. 
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SUMMARY 


High shear viscosity measurements have been made on over a dozen lubricating base oils. The 
effect of composition was studied with stocks of widely different viscosity and origin. Measure- 
ments were made in laminar flow from 100—210°F or 38—99°C from low shear to stresses above 10° 
dynes/cm2. Tests were made with a carefully thermostatted, thin-film, concentric cylinder visco- 
meter. The viscosity of most base oils was independent of shear to the highest stress conditions. 
Several oils, particularly those of high viscosity, showed small, but experimentally significant, 
viscosity losses at high shear. These non-Newtonian effects are reasonably explained. 


ZUSAMMENFASSUNG 


Es wurden Viskositatsmessungen an iiber zw6lf Schmierélfraktionen bei hohen Geschwindigkeits- 
gradienten verrichtet. Der Einfluss der Zusammensetzung wurde an Olen verschiedener Herkunft 
und stark unterschiedlicher Viskositat untersucht. Die Messungen erstreckten sich iiber einen 
Temperaturbereich von 38 bis 99°C oder 100-210°F bei laminarer Strémung und von niedrigen 
bis zu hohen Scherkraften von 105 dyn/cm?. Die Versuche wurden in einem gut thermostatisier- 
ten Couette-Viskosimeter ausgefiihrt. Die Viskositat der meisten Schmieréle erwies sich als un- 
abhangig vom Gradienten iiber den gesamten Messbereich. Einige Ole, besonders die hochviskosen, 
zeigen geringe Viskositatsverluste ausserhalb der Messfehlergrenze. Dieses nicht-Newtonische Ver- 
halten wird gedeutet. 


The characterization of lubricating oils has received much attention. This is due to 
their widespread use in a variety of lubricant applications. In automobiles alone, over 
800 million gallons of lubricating oil was used in 1958. 

The viscosity of a lubricating oil is its most important property. It determines 
both frictional losses and load-carrying capacities of lubricated bearings. Many studies 
have been made on the change of oil viscosity with factors such as temperature, 
density, and composition. Because of the experimental complications in high shear 
viscometers, viscosity measurements are usually made at low shear in capillary 
viscometers. The effect of shear is, therefore, not evaluated; yet high shears exist 
in machine elements. Under severe conditions, shear rates and stresses will approach 
a million reciprocal seconds and dynes/cm2, respectively!.2. The conditions at which 
lubricating oils are frequently used are thus far different from those in common 


capillary viscometers. Regrettably then, viscosity—shear effects in lubricating base 
oils are poorly defined. 


A Presented in part before the Petroleum Division of the 136th National Meeting of the American 
Chemical Society, Atlantic City, September 1959. 
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Studies of viscosity—shear effects have been generally limited to low viscosity oils 
such as SAE fo and are, in part, contradictory (see references). The consensus of 
published data is that viscosities of most lubricating base oils are independent of 
shear. However, a number of workers report significant non-Newtonian flow in 
nonpolymer petroleum stocks (cf. 8-11). Independent experimental evidence of optical 
double refraction indicates flow orientation which leads to non-Newtonian flow>:8. 
Moreover, at sufficiently high stress, orientation and shear dependent flow must occur 
in nonspherical molecules?.3,79.12, 

This work was undertaken to define the nature of flow of lubricating base oils at 
high shear. Previous studies on oils? have been generally limited to stresses below 10° 
dynes/cm?. Tests reported here to 6-105 dynes/cm? are comparable to extreme con- 
ditions in modern high speed bearings®. The flow properties of base oils are important 
in their role as solvents in modern, multigrade oils. These polymer-thickened oils 
exhibit complex flow. The behavior of the base oils must be understood before the 
effect of the polymer can be evaluated. Base oil results are also applicable to orifice 
flow and other problems in fluid transport. 


METHOD 


Rotational viscometers more accurately define shear than capillary viscometers but 
often have problems in temperature control. In 1955, BARBER et al., reported an 


Fig. 1. High shear viscometer. 


excellently designed concentric-cylinder rotational viscometer that greatly reduced 
the temperature problem!. This work was done in a similar viscometer. Fig. I is a 
photograph of the instrument used. The concentric cylinders and drive system mount- 
ed on a table and rigid frame are designated as Item A. The electronic console is 
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indicated by B. The thermostatic bath and circulating system for the viscometer are 
listed as C in Fig. 1. 

The test fluid is injected hydraulically between the cylinders, where it is held by 
surface tension. The annular space between cylinders is easily and reproducibly filled 
with sample. The same fluid remains between cylinders during shear measurements. 
The time under shear at each test condition is much longer than molecular relaxation 
times. 

The inner cylinder of the viscometer is rotated; and torque transmitted through 
the test fluid is measured on the outer cylinder, which is mounted on a low-friction 
roller bearing. Torques and speeds of rotation are proportional to shear stress and 
shear rate, respectively. Torques are measured by calibrated transducer strain gages 
which are placed against a torque arm on the outer cylinder. Torque is recorded on 
a twin-pen, strip-chart recorder, which also records speeds of rotation. 

Temperatures are measured throughout the system, and at four positions in the 
outer cylinder within 1/16 in. of the test fluid, by iron-constantan thermocouples. 
Temperature gradients within the test fluids are kept below 1°C by (a) keeping the 
film thickness low, near 1o~4 in. and by (b) thermostatting both concentric cylinders, 
a feature unique to the Barber viscometer. The measured limit for temperature 
gradient agrees qualitatively with gradients calculated from rates of heat generation 
and dissipation!:13.14, 

Four inner cylinders of different dimensions were used. The cylinders give consistent 
low shear data. Their shear rate ranges partially overlap. Cylinder clearances are 
determined from calibration data at relatively low shear, and at several temperatures 
on fluids of known Newtonian viscosity. Calibrated clearances are consistent with, but 
more accurate than, micrometered values. The clearances used are in the region of 
hydrodynamic lubrication. In this range, bearing wear should be negligible!>. Cylinder 
dimensions have changed less than 10-5 in. in several hundred hours of viscometer 
operation. 

Laminar flow in the test oil is confirmed by (a) the low Reynolds’ numbers involved, 
generally below 1 (ref. 16); (b) consistent results for cylinders of different dimensions; 
and (c) the equation of TAYLOR, which predicts the onset of turbulence in rotational 
viscometers at speeds much higher than used here2?. 

The accuracy of high shear data was established with both Newtonian and non- 
Newtonian fluids. The precision of viscosity and shear rate measurements is about 
+2% as indicated by duplicate and independent tests on fluids which included API 
Oil 104. The viscosity—shear rate characteristics of this polymer solution have been 
measured by a number of experimental methods!8. It represents the most non- 
Newtonian standard available. Results at stresses to 105 dynes/cm2 with all cylinders 
agree within stated precision with viscosities and shear rates reported for API Oil 104. 
This indicates an absence of errors due to oil slippage, adsorption etfects, temperature 
discontinuities, or differential thermal expansion at the cylinder walls. 

Classification of flow as Newtonian or non-Newtonian depends on the sensitivity 
and magnitude of measurements. Both experiments and heat transfer calculations 
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indicate that maximum viscosity and temperature uncertainties in these high shear 
tests are near +2% and 1°F, respectively. In this study, oils that show a viscosity 
loss with shear of over twice this amount are considered non-Newtonian. 

Low shear reference viscosities were obtained on all oils using Zeitfuchs’ crossarm 
viscometers!9. These kinematic viscosities were converted to absolute units, as meas- 
ured by the rotational viscometer, with densities measured by Gay-Lussac pycnom- 
eters. All oils were tested under equivalent conditions, 7.c., the same capillary viscom- 
eters, rotational cylinders, strain gages, speeds of revolution, thermostatic fluid flow 
rates, and test temperatures. The dominant variable was oil composition. 


RESULTS 


Viscosities of lubricating base oils were studied from roo—210°F in laminar or stream- 
line flow to stresses of 6-105 dynes/cm2. Table I shows physical characteristics of the 
oils tested. Oils were prepared by several major refining processes. Viscosities ranged 
from 9 to over 2,163 centipoises with viscosity indexes from o to 107. Capillary and 
rotational viscometer measurements were made on each oil at one or more tempera- 
tures. Low shear results from the rotational viscometer agreed within stated precision 
with the product of kinematic viscosity and density. Rotational viscometer measure- 
ments, made in order of both increasing and decreasing shear, showed an absence 
in all tests of thixotropy and molecular degradation. Data interpretation is centered 
on shear rate correlations. In lubrication, shear rate is fixed by machine design and 
operating conditions, particularly speed. Shear stress, which equals viscosity times 
shear rate, is the force for molecular orientation. 
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Fig. 2. Shear viscosities of single grade motor oils. 


Fig. 2 shows shear rate data on several commercially important lubricating oils. 
Results confirm the commonly held, but poorly supported, view that most common 
single-grade oils are Newtonian at shears in machine elements. Oils in Fig. 2 are 
composed of neutrals plus bright stocks. Multigrade oils are blends of neutrals plus 
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polymer2°, The molecular weights and concentrations of bright stocks in single-grade 
oils are insufficient to give the unique viscosity-temperature and shear effects 
exhibited by polymer solutions. Newtonian flow was also found over the full shear — 
range for many other lubricating base oils. These include the naphthenic base stock, 
several white oils, the distillation fractions of Bright Stock A, and the neutral oils 
listed in Table I. The viscosity range for Newtonian oils may be extended to above 
10,000 centipoises by measuring moderate molecular weight oils at temperatures just 


above their cloud or viscous pour points!>,?8. 


TABLE I 


PHYSICAL CHARACTERISTICS OF TEST OILS 


Viscosity Vis- Density, 
Designation, source, and treatmen 100°F, cosity 100° F 
(cS) index (g/ml) 
Naphthenic Base Stock — distillation fraction from low 
wax crude, phenol treated 22.03 fo) 0.8866 
‘Neutral Oil A — from waxy crude, Duo-Sol treated, dewax- 
ed, distilled with clay 8.972 83 0.8427 
Neutral Oil B — from waxy crude, Duo-Sol treated, dewax- 
ed, distilled with clay 29.91 85 0.8583 
Neutral Oil C — from waxy crude, Duo-Sol treated, dewax- 
ed, distilled with clay 110.0 87 0.8711 
10 Weight SAE — a blend of neutral oils, (see above) and 
Bright Stock A 41.70 102 0.8641 
20 Weight SAE — a blend of neutral oils, (see above) and 
Bright Stock A 84.49 90 0.8710 
30 Weight SAE — a blend of neutral oils, (see above) and 
Bright Stock A 138.0 88 0.8738 
40 Weight SAE — a blend of neutral oils, (see above) and 
Bright Stock A IQI.2 87 0.8786 
White Oil A, Distillation Fraction — for source and treat- 
ment see White Oil B 16.02 60 0.8565 
White Oil B — from low wax crude, phenol treated, fuming 
sulfuric acid, clay treated 74.00 63 0.8863 
White Oil C — from waxy crude, Duo-Sol treated, dewax- 
ed, fuming sulfuric acid, clay treated 75-47 96 0.8593 
Bright Stock A — waxy crude, Duo-Sol treated, dewaxed, 
clay treated, residual stock 890.4 85 0.8942 
Bright Stock A Cut 2 ro-20% — distillation cut from 
Bright Stock A 282.1 82 0.8806 
Bright Stock A Cut 4 30-42% — distillation cut from 
Bright Stock A 494.6 83 0.8872 
Bright Stock A Residue — 58% distillation residue from 
Bright Stock A 2163 86 0.9020 
Bright Stock B — from waxy crude, Duo-Sol treated, de- 
waxed, clay treated, residual stock 1380 89 0.8966 
Gear Stock — low wax crude, phenol treated, distillate 1430 4 0.9313 
Alpha Oil — API Viscosity Standard 55-3 66.27 96 0.8611 
Beta Oil — API Viscosity Standard 7-52 362.2 107 0.8664 


Results on a bright stock and its distillation fractions are shown in Fig. 3. Data on 
the high viscosity distillation fractions are remarkably Newtonian. The whole stock 
and the distillation residue show viscosity losses at high shear. The Bright Stock A 
residue was centrifuged at room temperature for five and one-half days at a centrif- 
ugal force of 113,000 x g. Viscosity—shear tests were made on four equal volume 
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fractions from the centrifuge tubes. Viscosity and non-Newtonian flow were largest 
for the lower fractions, but the effects were generally small. 

Non-Newtonian flow was found predominantly in relatively viscous, 7.e., high 
molecular weight, oils at stresses above 10° dynes/cm2. Occasionally, a low viscosity 
oil, of the types listed in Table I, has shown a small but reproducible non-Newtonian 


2000 


58% RESIDUE 


g 


WHOLE STOCK 


VISCOSITY, CENTIPOISES 
a 
8 


30-42% DISTILLED 


10-20 % DISTILLED 


ie) 5 10 15 20 25 30 35 
SHEAR RATE, SECONDS”! x |0-> 
Fig. 3. Bright Stock ‘‘A’’, effect of distillation. 


effect at high shear. The determining factor, in every case, appears to be oil compo- 
sition®. 

Table II shows high shear results on two viscometer calibration oils. The observed 
effects are small for the viscosity changes with shear. A heavier mineral oil viscosity 
standard is reported, however, to give much larger non-Newtonian effects at com- 
parable shear‘. Results on standard oils indicate that viscometer calibration at high 
shear must be approached with caution}, 


TABLE II 


VISCOSITY OIL STANDARDS 


Oil Temperature Low s Wed : Maximum shear conditions 
Saeet We £¢ viscosity (CP) Rate (sec~) Viscosity loss (cP) 
Alpha 100 37.8 57.00 2.8 10° 7.4 
Beta 100 37.8 313.8 7.9 :104 Ti 
Beta 130 54-4 125.8 2.0" 10° 3.3 


Fig. 4 gives shear data on a high viscosity gear stock. Non-Newtonian results are 
substantiated by data at three oil thicknesses. The coincidence of data at different 
thicknesses confirms the absence of significant errors. For example, temperature 
gradients in sheared films increase as the square of fluid thickness!)13, Data on the 
gear stock, however, are consistent for thicknesses which differ by a factor greater 
than two. Heat transfer calculations show that theoretical temperature effects due 
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to heat generation explain neither the magnitude nor dependence of observed non- 
Newtonian flow!:!3, 

Table III lists shear results at five temperatures on a high viscosity fraction, Bright 
Stock B. Conventional capillary viscometry is difficult on such heavy residual stocks. 
For Bright Stock B, the rotational viscometer readily shows significant viscosity 


changes with shear. 


VISCOSITY, POISES 


is 1.0 5 2.0 2.5 3.0 3.5 
SHEAR RATE , SECONDS~! x 107* 


Fig. 4. Shear data on a gear stock. Oil thickness: O 3.05-10-4 in.; V 1.32-10~-4in.; A I.10-107-‘ in. 
W@ Capillary viscosity x density. 


TABLE III 


SHEAR DATA ON BRIGHT STOCK B 


Test 


Temperature reer al Maximum shear conditions 
oF °C Io4 sec~ Rate (sec) Viscosity loss (cP) 
100 37.8 1240 2-104 90 
130 54.4 385 16-104 23 
150 65.6 192 20-104 le 
180 82.2 87 24-104 if 
210 98.9 40 40-104 5 
DISCUSSION 


To aid interpretation of oil flow, shear tests have recently been made on defined fluids 
of comparable molecular weight2!,22. These include two series of low molecular weight 
polymers, polyethylenes, and polyisobutylenes, and on a series of five normal alkanes 
from n-dodecane to n-dotriacontane. Results indicate Newtonian flow, over the same 
shear ranges used in this study, for normal alkanes and for polymers with molecular 
weights up to several thousand. At higher molecular weights, near 4,000 and above 
for polyethylene, pronounced non-Newtonian flow is easily induced. For comparison, 
molecular weight measurements have been made on many of the base oils studied 
here. The highest cryoscopic molecular weights, as obtained for bright stocks, were 
in the range of 800-1,000. GEorGI indicates that average molecular weights in 
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heavy lubricating oils may be 1,000 or more?3, Bonpi states that bright stocks 
may contain up to 15% of compounds with molecular weights from 1000-13008. For 
oils of these and lower molecular weights, non-Newtonian flow has been predicted2.3 
from theory at stresses above 2: 10° dynes/cm2. This is just the region that such effects 
are observed for heavy oils in this work. The molecular types, basically linear?4, 
found in lubricating stocks are the model most susceptible to non-Newtonian flow. 
The magnitude of viscosity losses found in oils is possibly larger than expected from 
comparable polymer data. 

The work of Ray e¢ al. shows that asphaltenes with a molecular weight from 10-30 
thousand, calculated from sedimentation rates, exist in certain crude oils25. It is thus 
possible that non-Newtonian flow may be caused in certain residual and blended oils 
by the presence of small amounts of high molecular weight components or deformable 
association complexes which are not removed by treating. 

Raw lubricating oil distillates and residual stocks derived from waxy crudes have 
pour points as high as roo°F23. At temperatures below and at slightly above the pour 
point, pronounced non-Newtonian flow has been found in lubricating oils??-??.28. This 
is frequently caused by paraffin wax, although GEorRGI has shown that naphthenic 
oils and those substantially free of paraffin wax show moderate viscosity variations 
with shear at low temperatures?3.2”. 

Non-Newtonian flow may occur either by orientation and deformation or by a 
change in interaction energy between molecules. In certain oils, e.g., Bright Stock B, 
non-Newtonian flow might be caused by the presence of aggregates or gel structure. 
Molecular aggregates have been found in oils by light scattering and other methods. 
Principal molecules in lube oils are terminated by chain branching or by single or 
polynuclear ring systems24. These represent potential centers for solution irregulari- 
ties. 

High molecular weights and/or solubility effects can lead to a high viscosity index. 
These factors also contribute to non-Newtonian flow. The potential association 
of non-Newtonian flow and high viscosity index is indicated by certain shear data 
on lubricating oils*.23.27, Stocks of high viscosity index frequently contain more 
deformable wax. 


CONCLUSIONS 


Experimentally, Newtonian viscosities are found for most base oils over the shear 
and viscosity range important in lubrication. Newtonian results are reported over a 
wider viscosity and shear stress range than previously available. Non-Newtonian flow 
is observed, however, in certain lubricating oils. The largest measured viscosity losses 
are near 10-15%. These effects occur only at high shear and principally in heavy 
petroleum stocks. 

The interpretation of base oil flow is a difficult task because of compositional com- 
plexity. Explanations may be offered for the non-Newtonian effects which are not 
caused by experimental problems such as temperature gradients. The stresses de- 
veloped here extend to 6-10 dynes/cm?. In this region, non-Newtonian flow has been 
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predicted for lubricating oils?.?.1, Data on oils are in qualitative agreement with 
shear data on polymers of comparable molecular weight. Viscosity losses in oils may 
also be caused by the effect of shear on solution irregularities, such as molecular 
aggregates, or through the orientation of small amounts of high molecular weight 


material. 
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THE EFFECT OF TANGENTIAL BEARING ACCELERATION 
ON THE LUBRICATION OF A FINITE-WIDTH SLIDER 
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Department of Mechanics, Rensselaer Polytechnic Institute, Troy, N. Y. (U.S.A.) 


(Received August 19, 1960) 


SUMMARY 


The effect of tangential bearing acceleration on the pressure and load-carrying capacity of a slider 
of finite width is analyzed theoretically on the basis of simplified Navier-Stokes equations which 
include the local acceleration of the lubricant. The inertia of the lubricant is shown to cause a time 
lag before the pressure begins to increase at an appreciable rate. The width of the slider influences 
neither the duration of this time lag nor the rate at which steady or quasi-steady conditions are 
established. 


INTRODUCTION 
In a previous paper!, the authors considered the time-dependent pressure developed 
under a slider of infinite width when the bearing surface is accelerated tangentially 
in the direction of flow. The present paper treats the similar problem for the slider 
of finite width (Fig. x). 


Fig. 1. Configuration of finite-width slider bearing. 


In this analysis the thickness of the lubricant film is assumed to be independent 
of time. The usual ‘‘thin film’’ assumptions of the hydrodynamic theory of lubrication 
are also made. The only departure from the classical steady-state theory of Reynolds 
is the retention of the local or unsteady acceleration terms in the Navier—Stokes 
equations. 
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The slider profile is represented by an exponential function. Such a profile was used 
by CHARNES AND SAIBEL? in their solution for the finite slider bearing under steady 
conditions. This solution had the advantage of being expressed in rapidly convergent 
series of trigonometric and hyperbolic functions, and it gave results in close agreement 
with those for the finite-width plane slider. The exponential profile is used here be- 


cause of this advantage. 


NOMENCLATURE 
GY, 2 coordinates (see Fig. I) 
u,v velocities in directions x, y, respectively 
t time 
U(t) bearing velocity in x-direction 
pb pressure 
pi(x,t) pressure for infinite-width slider 
p2(x,V,t) = p— pi pressure correction for side leakage 
0 density 
be viscosity 
vy = plo kinematic viscosity 
h(x) film thickness 
B slider length 
5 slider width 
ho = h(0),41 = h( B) 
a = ho/m,B =log a 
aie 9 V5) 
af tay (L dimensionless variables 
6 = 4rt ho? 
k constant acceleration of bearing 
Ww load capacity 


DIFFERENTIAL EQUATIONS AND BOUNDARY CONDITIONS 


The simplified Navier-Stokes equations upon which this analysis is based, referring 
to the coordinate system of Fig. 1, are 


vu I 0p d2u 

wt 0 ae , 22 (1) 
dv I dp d2u 

_— Oo eee lc yp — 

of 0 oy oz? (2) 
op 

reece (3) 


They differ from the usual momentum equations of the steady-state theory of lubri- 
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cation in that the unsteady acceleration terms dw/d¢ and dv/d¢t have been retained to 
account for rapid changes of the particle velocity with time. 

The continuity equation for an incompressible fluid is integrated across the film 
thickness h(x) in order to eliminate the z-component of velocity, and the resulting 
continuity equation is 


h(x) h(x) 


= war + = [ vudz=o (4) 


ie) 


It is assumed that initially the bearing is operating under steady conditions, in which 
the velocity of the bearing surface is constant and the pressure at the edges of the 
slider is ambient. This steady-state solution is given by CHARNES AND SAIBEL? and 
need not be considered here. Attention is centered on the transient part of the solu- 
tion, which describes the departure from the initial steady state due to variation in the 
bearing velocity from its initial value. The actual pressure and velocity fields at any 
time are of course given by the sum of the transient and steady solutions. 

The boundary conditions on velocity and pressure for the transient solution are 


B= Was OG), =o (5) 
2 h(x) = 0 =O (6) 
%*=0, p=o0 (7) 
0G as John oo) == (8) 

JB, 
i 1 P — 0 (9) 

2 

and the initial conditions are 

i=.0, 4u=v=p=0 (10) 


TRANSFORMATION AND REDUCTION OF EQUATIONS 


The Laplace transformation enables one to reduce eqns. (1), (2), (4) to one equation 
in the transform of the pressure. This is accomplished as follows: the Laplace trans- 


forms of eqns. (I), (2), (4) are 


eS (11) 


-v= (12) 
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where 


and similarly the bar denotes the Laplace transforms of v and #. 

Since p is independent of z, and x, y, s enter only as parameters, eqns. (11) and (12) 
can be treated as ordinary differential equations with constant right-hand sides. The 
solutions of these equations which satisfy the transforms of boundary conditions (5) 
and (6) are 


- — sinh g(h —z I dp /sinh g(h — z) + sinh gz 
= aay q( ) = ( q( . :) (1a) 
sinh gh OS 0x sinh gh 
- I dp /sinh g(h —z + sinh gz 
: op ( q( : ) q :) us] 
os oy sinh gh 


where 


Substitution of eqns. (14) and (15) into eqn. (13) eliminates « and v and yields the 
following equation for /: 


d.fU h 1 M2 h = qh .PI 2 hgh 
tanh a es - (ann -—*)| + — [— - - (ann --*)I = 0 (16) 
q 2 2 wv Los wv g 2 2 


If the pressure is assumed to approach a steady state as ¢ goes to infinity, then eqn. (16) 
can be shown to correspond to Reynolds’ equation in the limit by using the following 
theorem? in Laplace transformation theory: ; 


lim sf(s) = ' lim f(¢) 


Si-O ft —» CO 


The fact that (16) approaches Reynolds’ equation in the limit ensures that the pressure 
given by the solution of (16) will approach the steady solution corresponding to the ~ 
final equilibrium state, if such a state exists. 

The transient pressure is separated into two terms, one of which is independent of y. 


pb = pilx,t) + pa(x,y,t) (17) 
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The transform of #1 is required to satisfy the differential equation 


yu ho St dpi 2 h gh 
——- | tanh : a Pr (ann : d )| = 0 (18) 
wlhg®g Y 


Integration of eqn. (18) with respect to x introduces a function of s which is denoted QO, 
and leads to 


I Sig/ = h a h h | 
FosPtity -(8 tanh T= 70) [(E—tann +) (19) 
0 yw 2 2 2 eZ 


Equation (19) was obtained previously by the authors! for the pressure in the infinite- 
width accelerated slider, and Q(¢) in that case was the rate of flow of lubricant across 
a plane normal to the x-axis. 

The transform of f2 must satisfy the homogeneous differential equation 


> Prpe 2 h qh > pdpe 2 h h 
= [= - (tanh 2 z )| + | f (conn ois 0S )| =0 (20) 
ov Lox gq 2 2 wloey ¢g 


Obviously #2 is the contribution to the pressure due to side leakage effects. In general 
it will be found to be negative, since the boundary conditions on #2 must be 


4= 0, = 6, p23— 0 (21) 


WW == Ste a) ER) SS ih (22) 
2 
in order to satisfy boundary conditions (7)-(9). 
Equation (20) is finally written in the form 


ype 


d2p2 d2pa 


ae cle ait + sf(¥,s) a mo (23) 
where 
2 1 h’(x) ns tanh? nfs 
Hers s h(x) nfs — tanh ns (24) 
and 


+t h(x) 
ga 2yv 


Equation (23) is reduced to two ordinary differential equations by use of the product 


solution 
pa = X(x) Y(y). (25) 
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These equations are 


X” + sf X’ +X =o (26) 


Y”—k? Y=o (27) 


where k? is the separation constant. It should be noted that both X and Y contain s 
as a parameter. 

Equation (24) shows that / is a rather complicated function of x except in the trivial 
case where / is constant. Thus there is little hope of solving eqn. (26) exactly. However, 
a solution valid for large values of time can be obtained without much trouble by 
using an approximate expression for / which holds for small values of s. This will be 
done in the next section. 

For small values of time, one can conclude that the pressure fz is everywhere zero 
without actually solving the equations. This is done by noting a result obtained in 
ref. 1, namely, that for an interval of time following t = 0, f; is zero. Thus boundary 
conditions (21) and (22) state that for small values of the time #2 is zero on all four 
edges of the slider. 

A property of elliptic partial differential equations such as (23) is that the solution 
must be zero everywhere if it is zero on the boundaries*. This completes the proof 
of the statement that pz is everywhere zero for small values of the time. 

The time interval for which fz is zero is the same as that for which i is zero. 
By comparison of the solution for small values of time with a numerical solution, it 
was found in ref. 1 that #: can be taken to be zero up to a value of the dimensionless 
time variable 


approximately equal to 0.05 for the case of constant acceleration beginning at t = 0, 
and for the ratio a = ho/hi equal to 2. 

The physical interpretation of this time lag which occurs before the pressure begins 
to increase is interesting. One can imagine the lubricant as consisting of a pile of 
thin plane laminae which are parallel to the xy plane. At £ = 0 the bottom lamina 
z= 0 is accelerated, and its motion is transmitted to the lamina above it by the 
shearing stress. Because of the inertia of the latter lamina, it is impossible for it 
to acquire velocity instantaneously. Thus the lamina which is in contact with the 
slider at the minimum film thickness /; does not begin to be accelerated until a later 
time ¢o. However, this lamina and all those above it are constrained by the wedging 
action of the inclined slider. This wedging action gives rise to hydrodynamic pressure, 
but since it does not come into play until time to, the pressure build-up occurs only 
after to. 

A simple estimate of to can be made by using the well-known velocity distribution’ 
in a viscous fluid of infinite extent, initially at rest, due to the suddenly accelerated 


Wear, 4 (1961) 41-55 


- 


LUBRICATION OF A FINITE-WIDTH SLIDER 47 


tangential motion of an infinite plane wall. The extent of penetration of viscous effects 
in the direction normal to the wall can be estimated by the distance d at which the 
fluid velocity is 1% of the velocity of the wall. ScHLICHTING® gives the approximate 
formula 


dw 4yvt (28) 
The time ¢ at which d equals the minimum film thickness / is thus 


hy? 
fo = —, 
16y 


and the corresponding dimensionless time is 


vt hi\ 2 
00 = ied = t (") me 0.06 
ho? ho 


for 


This value of 0.06 for the time lag, although a rough estimate, is in good agreement 
with the value 0.05 found in ref. I. 

It is also interesting to note that the time lag is independent of the width of the 
slider, since it was found above by a mathematical argument to be the same as for 
the infinite-width slider. The physical reason for this is that sideleakage isnot present 
until pressure is developed, and so the flow is initially the same regardless of the 


bearing width. 


SOLUTION VALID FOR LARGE VALUES OF TIME 


Consider the function f(x,s) given by eqn. (24). It has a simple pole at s = 0, so that 
the behavior of its inverse Laplace transform f(x,t) for large tis governed by the residue 
of f at this pole. Hence in order to obtain a solution valid for large f, s/(x,s) isexpanded 


in a power series about s = o. One finds 


f(s) — 3 =(: ee Sg ) (29) 


s 
If only the first term in eqn. (29) is retained, then eqn. (26) becomes 


7 


Z a a 
aes Hsinkh ese (30) 


In general, the coefficient of the second term is a function of x. However, if one chooses 
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the exponential profile 


where 
ho 


= log a = log — 
~ B 8 hy 


then eqn. (26) becomes the following equation with constant coeflicients: 


Qe Ligh, Peat ae (32) 
B 
The solution of eqn. (32) is 
ka 2, 1/2 2) 1/2 
X = €3/2h xB [4: sin (= —= f a” + As cos (#4 —= *| 
4 B? 4 B 


and in order that this solution satisfy the boundary conditions 


% = O10 (33) 


one must have 
2\ 1/2 
sin (422 5] Bete 
4 B 
The latter condition gives the following allowable values of the separation constant k: 


9 pe m2gp2\ 1/2 
a= (: Be a =) (34) 
where 


N= 1,2) Seen 
Thus one of the infinity of solutions of (32) which satisfies boundary conditions (33) is 


= NIUX 
Xn = e8/2 4 (2/8) sin —_ ¥ 
3/2 4 (#/B) sin z (35) 
The solution of eqn. (27) which corresponds to k = ky and is symmetrical about the 
x-axis 1s 


Yn = cosh hny (36) 
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Hence, superposition of all product solutions leads to 


>! 
I 
M3 
ds! 


nXnYn = e8/2/8D) A, sin niE cosh kny (37) 


n=1 n=1 


where 


v 
B 


The superposition constants A» are found by satisfying boundary conditions (22). 
Thus 


= BOO RnL 
— pr = 8/26) A, sin na& cosh — 


n=1 Zz 


so that A» must be the coefficients of a Fourier sine expansion of —f1 e-*/2 48, 7.¢., 


1 — 
An = — | pi e-3/2F§ sin nxé dé (38) 
0 


2 
Ral 
cosh —~ 


Note that s enters A», through the dependence of /1 on s. One can immediately obtain 
the inverse transforms of eqns. (37) and (38). The expressions for f2 and A» are 
identical with eqns. (37) and (38) except that bars denoting Laplace transform are 
deleted, so that these expressions need not be written out. Henceforth eqns. (37) and 
(38) will refer to the above expressions with the bars removed. 

The pressure fz for large values of time has thus been found in terms of the pressure 
px for the infinite-width slider. In order to complete the analysis it is necessary to have 
an expression for #1 which is valid for large ¢. An expression for #1 which was obtained 
in ref. I can be utilized here. Of course, the time dependence of #1 is not completely 
specified until the velocity-time relation for the bearing is given. In the following 
section, two cases will be considered: 

(a) constant acceleration of the bearing from rest. 

(b) constant acceleration of the bearing from rest up to a certain time, after which 


the acceleration is zero. 


PARTICULAR CASES OF ACCELERATION 


In the case where the bearing velocity was assumed to increase as 


U = ht (39) 


the following expression for the pressure in an infinite-width slider bearing was found 
in ref. r to be valid for 0 > 0.1: 
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2 [Bae i 
= Beige Oe ae ~| p end + 9 — (1 —e-mo)] 
okB 10 4 B 10 B a—I 
aia: [= sta ( P so) (1 emf) (40) 
10 B 2. ae — 1 a3 — I (a3 — 1)? 
where 
m=-—(a2?+a-+ 1) 
ho 
Pig ys 
hy 
t 
oes 
ho? 
Carrying out the integrations in eqn. (38), one obtains 
An nap I : a2—1 1 —(—1)"a-l/2 1 —(—1)" a-3/2 
hBt <5 Ask |" da 1, Ite apy ee Ant 
cosh 


2 


I —(—1)®" q@l/2 az—I I —(—1)" a-"/2 
15 a 2 (0 P ) como (41) 
An?(An? — 2B?) a®—1r a—t) An®(An? — 282) 
where 
9 
An? = kn? B® = — B2 + nm? (42) 
4 
Equation (41) is used in conjunction with the equation 
2 = As Anls 
sae e3/2 46 Y) —_. sin nn& cosh — 7 (43) 
okB n=1 ORB 2B 


where 


2y 
7 = ra aS So 

The pressure distribution along the bearing centerline y = 0 according to eqn. (43) 
is shown for various values of time in Fig. 2. The curves depicted there refer to a 
square slider with an inlet—outlet film height ratio a of 2. In fact, all the remaining — 
results are calculated for a equal to 2. There is no significant change in the pressure 
distribution with time, although the point of maximum pressure moves slightly 
toward the inlet. 


Fig. 3 shows the distribution of pressure across the half-width of the same square 
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slider corresponding to a plane midway between the inlet and outlet sections, and for 
various values of the dimensionless time. 


ie) 
iN 


QO 
~ 
i) 
) 


o 
fe) 


ie) 
i) 


2) 
e) 
© 


Pressure , p/ekB (dimensionless) 


Pressure, P/ekB (dimensionless) 
oO 
(e) 
O) 


O02 704 S06 06; 1.0 O O02 O04 06 O08 1.0 
Distance, § = B Distance, 7==¥ (dimensionless) 
Fig. 2. Pressure distribution along bearing cen- _‘ Fig. 3. Pressure distribution across half-width 
terline for various values of the dimensionless _ of slider for various values of 9. Other conditions 
times variable 0 = 4vt/ho?. Constant bearing the same as in Fig. 1. 


acceleration k. Width—length ratio L/B = 1; 
inlet—outlet film height ratio a = ho/di = 2. 


The load capacity is written as the sum of loads contributed by #1 and fz: 


W=Wi+ We (44) 
where 
B at 
wi=L{ pi dy = LB | pi dé (45) 
0 0 
L/2 B 1 1 
W2= ‘ | b2 dv dy = LB i i be dé dn (46) 
—L/2 4 0 o/0 


For constant bearing acceleration, the dimensionless load for the infinite-width slider 
is found by integration of eqn. (40) to be 

Wi 

See = OE CRO Caer (47) 

ok B2L 
where C1, C2, C3 depend only on the film height ratio a, and since they are rather 
long expressions which were given in ref. 1, they will not be repeated here. 

Integration of eqn. (43) gives the dimensionless load contributed by 2: 


Wa Az (22) 5 IL 


= the 
pe aan) Te ee Se 
Q n=1 \O0 n 


where A,/okB is the function of 0 given by eqn. (41). 
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Curves of the total load vs. time, calculated from the sum of eqns. (47) and (48), are 
presented in Fig. 4 for various values of the width—length ratio L/B. For 6 < 0.05 
the load was taken to be zero, in accordance with the estimate above. The calculations 
were made made for 9 > 0.10, and the portion of curve between these two values of 


time was faired in. 


Quasi-steady / 
load line, / 


Load Capacity, W/ekB’L (dimensionless) 


O ;2 en O:4 OG 20.6 LO 


Time Variable, © (dimensionless) 


Fig. 4. Load capacity vs. time for various width—length ratios L/B. Constant bearing acceleration 
k. Inlet—outlet film height ratio a = ho/hi = 2. 


Each curve approaches a straight-line asymptote, the slope of which is exactly the 
same as the slope of the load-time line obtained by replacing U by tin the steady- 
state analysis of ref. 2. However, the latter quasi-steady load lines pass through the — 
origin, implying that the load-carrying capacity increases as fast as the bearing veloc- 
ity for all values of time, whereas the load—time curves obtained here all exhibit 
an initial time lag due to the inertia of the lubricant. 

The transient terms in eqns. (47) and (48) are those which involve e~™#,. Thus the — 
“time constant’’, which is a measure of the rate at which quasi-steady conditions are 
reached, is in dimensionless units 1/m, and in dimensional units it is 


I ho? 3 Ai? a2 


te = — te coe 


may 10 vy atta+y 


A large value for fe of course means a slow approach to quasi-steady conditions. For 
reasonable values of /1, a, and », te will be found to be quite small. The minimum film 
height /1 is seen to have a greater influence on the time constant than does a. The 
time constant is seen to be independent of the slider width. 

It is easier to investigate the effect of side leakage on the load—time curve by 
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considering a case in which the bearing accelerates until its velocity attains some final 
value U;. By using the velocity—time relation 


(US 3 i ee 


(49) 
C= Us = Rty, t >ts 


the results derived above for the velocity—time relation (39) hold up to ¢, and only 
slight modification of them is needed for ¢ > fp. 
For ¢ > tf, (49) can be written 


U = kt — k(t — ty) (50) 


Thus the load—time relation for ¢ > ty is obtained by subtracting from eqns. (47) and 
(48) the equations obtained from eqns. (47) and (48) by replacing 0 by 6 — 6. In this 
way one finds 


WwW, ee, — I 
= 1— ky ( ) e-70 (51) 
(W1)s Gy 
WwW. nC oe 
Races 1— Ke (- ) e7mé (52) 
(We) 5 OF 
where 
2 a*—tr a 6 a(a2 —1) 
[2 (a—1) 
Co 23 ae—t a—i 8 a3 — I 
kee (53) 
C2 15 I a2?—JI a?(a — 1) 
6 B a3 —1 
90 m2 [ry —(—1)" a-¥/2] [1 —(—1)” a3/?] AnL 
ca = ie An? An2 — 202 2B 
Kea 2 (ota _# ) ae 
35 a —i a—1/ © n? [t —(—1)* atl?) [tr —(—2)" 98] a AnL 
n=i An? An®(An2 =a 2B?) 2B 
and 
(Wi) r ho2 Co 2 a—tI [: a+. a2 eh 
4uU sz BPL Zi 9/3} Cua a? —1 
= (he Bese \ nt pore Walle 
COT: = 6228 = > as cele Do eee - tanh —— (56) 
4uU yz B2L Je n=1 An? An2(An2 —— 2B?) 2B 


The subscript f/ denotes the final or equilibrium value, corresponding to steady-state 
operation of the bearing at velocity Uy. 
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The factor K2 depends on the inlet-outlet film height ratio a and the width—length 
ratio L/B. The latter ratio enters only as the argument of the hyperbolic tangent. 
It turns out that Ke is virtually independent of L/B except in the unrealistic case 
when L/B is very small, because the series in numerator and denominator converge 
so rapidly that their ratio can be calculated within a few per cent by retaining only 
the leading term in each, and of course if this is done tanh AiL/(2B) cancels. 

The load—time curve calculated from the sum of eqns. (51) and (52) is shown in 
Fig. 5 for a = 2 and 0; S=nO5. 


O | 
©: (0.2157 O43 O:6750:8 1.0) 1-2 


Time Variable, © (dimensionless) 


Fig. 5. Normalized load capacity and bearing velocity vs. time for a = 2 and 0s = 0.5. 


Because K¢ is virtually independent of L/B, it was found that the curves for L/B = 
0.5, I, 2, 4, 8, 00 were almost indistinguishable, so that they are represented in Fig. 5 


by the one curve. The velocity—time curve for the bearing is shown on this graph for 
comparison. 


CONCLUSIONS 


The inertia of the lubricant has been shown to retard the development of pressure 
and load-carrying capacity in a finite-width slider bearing for an interval of time after 
the bearing begins to be accelerated. The duration of this time lag does not depend 
on the width of the slider. 

The rate at which steady or quasi-steady conditions are approached can be de- 
scribed by a time constant, which for a fixed slider inclination is directly proportional 
to the square of the minimum film height and inversely proportional to the kinematic 
viscosity. Of particular importance is the fact that the time constant does not depend 
on the slider width. For reasonable ranges of the various parameters the time constant 


is so small that for most practical purposes one can assume that steady conditions 
are established almost immediately. 
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THE LOAD CAPACITY OF GEAR TEETH 
ALONG THE LINE OF ACTION 


“ R. R. STEPHENSON anp J. F. OSTERLE 
Carnegie Institute of Technology, Pittsburgh, Pa. (U.S.A.) 


(Received August 18, 1960) 


SUMMARY 


The hydrodynamic lubrication of involute spur gears is analyzed for an arbitrary point of contact 
along the line of action. The actual involute tooth shape and squeeze effects are taken into account. 
Results are presented for the pressure distribution and load capacity. It is found that the maximum 
load capacity does not occur at the pitch point. 


INTRODUCTION 


In a previous paper by one of the authors! an analysis was made of the hydrodynamic 
lubrication of gear teeth using a more exact representation of the tooth profile than 
had been used before and taking into account the customarily neglected squeeze 
action. Gear teeth in contact at the pitch point were studied. The present paper 
extends this analysis to all points of contact along the line of action. 

This extension has been carried out for the following reason. In the past, attention 
was focused on pitch point behavior only because it could be shown that, neglecting 
squeeze actions and using an approximation to the tooth shape, the maximum film 
pressure would be developed at this point rather than anywhere else along the line 
of action. That this should also be true with a more exact tooth shape and squeeze 
effects considered is not at all obvious. We propose to use the results of this extended 
analysis to check the validity of this practice. 


NOTATION 
h film thickness between mating teeth 
ho minimum film thickness 
H dimensionless film thickness, //ho 
p lubricant pressure aaa 
te dimensionless pressure, po (~) 
y pitch circle radius of smaller gear (pinion) 


ri(v2) pitch circle radius of driver (driven) gear 
Ui(U2) surface velocity of driver (driven) tooth 


w load capacity per unit tooth width 
W dimensionless load capacity, eh 
por? 
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x,y Cartesian coordinate system through point of contact 
xX dimensionless X-coordinate, safile } 

(rho) 1/2 
os gear ratio (ratio of 7’s, small to large gear) 

sath : : ho\ 1/2 
p minimum film thickness parameter, (-) 
VA 

y contact angle ratio (ratio of 0’s, small to large gear) 
6 pinion gear contact angle 


6:(02) driver (driven) gear contact angle 


lu lubricant viscosity 
7 pressure angle 
o angular velocity of pinion gear 


w1(w2) angular velocity of driver (driven) gear 


THE FILM THICKNESS EQUATION 


The gear geometry under investigation is as shown in Fig. 1, which illustrates contact 
at an arbitrary point along the line of action. It can be shown! that, for this 
geometry, the film thickness between the mating teeth can be expressed by 


ae sd x ) do sy x ) (x) 
= I I 4 — I 
as 27101 cos p ( 371012 cos ' 27202 COS P 372022 cos 


DRIVER (1) 


ADDENDUM 
CIRCLE 


Fig. 1. Configuration of mating gear teeth, 
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This equation is the first-order correction to the conventional parabolic arc represen- 
tation of the film thickness?. The minimum film thickness, /o, will be assumed con- 
stant along the line of action. That the film thickness is time-dependent follows from 
the observation that the angles 0; and 92 depend on time in accordance with the 


relations 
dé 
a nae = M1 (2) 
dt 
dé 1 
pat pears 1 (3) 
dt V2 


THE PRESSURE EQUATION 
The pressure equation governing this problem is the so-called generalized Reynolds 
equation, which allows for a time-dependent film thickness. This equation assumes 


the form 


P) op dh U; + U2 dh 
— {[h3 —) = 12 
ov ( =) i (5 if 2 i (4) 


where # is the lubricant pressure, « its viscosity (assumed constant), and Ui; and U2 
are surface velocities of the driver and driven teeth respectively in the x-direction. 
To the order of approximation already employed in this problem it can be shown that 


Ui = —nanihs cos p (5) 


Uz = —r222 cos (6) 


Substituting eqns. (I), (5), and (6) into eqn. (4), noting eqns. (2) and (3), and casting 
the resulting expression into dimensionless form we obtain 


) aP / 
~ (x =| = X(Ao + AiX + AeX?) (7) 
where 
pees (r+ y)(t + ay) (3) 
a 

6JB f(t+ y)(1 — ays) 

6B2(1 + a%y4) 

A ie Be Se 
: 0" cos? p (r9) 

Equation (1) in dimensionless form can be written 
H =1 + X43 4+ AaX) (11) 
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where 
Loy 
As= 20 (12) 
cos 
A JBI — ay’) 
: (13) 
663 cos? p 


In these equations, « (called the gear ratio) is defined as the ratio of the smaller pitch 
circle radius to the larger, and y (called the contact angle ratio) is defined as the ratio 
of @ on the smaller gear to 6 on the larger gear. At the pitch point, y = r. The smaller 
gear will be referred to in the following as the pinion. Values of 6, y, and w without 
a subscript will refer to the pinion. The quantity J specifies which gear is driving, 
being equal to +1 if the pinion is driving and —1 if the pinion is driven. 

It appears from the presentation so far that the pressure distribution depends on 
six parameters («, 6, y, 0, y, and J). However, from the kinematics of involutes, the 
following equation can be derived 


(101 + 7262) cos p = (11 + 72) sin (14) 
This relationship merely equates two different ways of expressing the length of the line 


of action. Equation (14) can be rearranged to read 


60 
3 (z + x) tan g — «6 (15) 


which can be used to eliminate y from the list of independent parameters, reducing 
the total number to five. 


THE CONTACT INTERVAL 


It is now necessary to establish limits on the parameter 9 which locates the point of 
contact along the line of action. For simplicity it will be assumed that the addendum 
circle of each gear is tangent to the dedendum circle of the other and that the deden- 
dum circles are coincident with their respective base circles. From Fig. 1, it can 
then be seen that a tooth on gear 1 (for example) will make contact with its mate 


at an angle given by 


6x71 cos p = (11 + 72) sin p —y[r2 + 11(t — cos p)]? — (72 Cos @)? (16) 


and break contact at an angle given by 


0171 cos p = yin + 72(1 — cos g)]2 — (1 cos )? (17) 


From eqns. (16) and (17) it then follows that 


a 
tan 


Omin = 


V/[ + a(I — cos Be (18) 


a COS — a 
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and 


Omax AE i ae i “| ‘ IT (19) 


& COS P 


Thus the interval of contact is established. 


; THE FILM EXTENT 


The extent of the film along the tooth face is determined by imposing the proper 
boundary conditions on the pressure. These conditions are as follows. The pressure 
at the +X end of the tooth face (7.e., where the tooth profile meets the addendum 
circle) is zero. The other end of the film is located at that (negative) value of X where 
both the pressure and its gradient vanish. This is the so-called Reynolds boundary 


condition. 
SOLUTION 


Equation (7), for the pressure, was integrated once analytically and a second time 
numerically using Simpson’s Rule. The resulting integration constants were then 
adjusted to satisfy the boundary conditions. The load capacity of the mating teeth 
was then determined by a numerical integration of the pressure over the film extent 
using the trapezoidal rule. The numerical integrations and the integration constant 
adjustments were performed on a high speed digital computer. 

All of the results reported here were obtained for a pressure angle, m, of 20 degrees. 
Our attention was also restricted to equal size gears (~ = 1) for which the solution is 
independent of J due to symmetry. With these specifications there remain only two 
free parameters, § and 9. From eqns. (18) and (19), which give the limits on the contact 
interval, it is found that @ is confined to the range 0.206 < 9 < 0.522. At the pitch 
point, 6 = 0.364. 


THE PRESSURE DISTRIBUTION 


Some typical pressure distributions at various points along the line of action are 
shown in Fig. 2 for a B? value of 10-8. The values of X representing the end of the 
tooth (for 6? = 10-8) corresponding to each of the locations along the line of contact 
are shown in Table I. 


TABLE I 

7] Xmax 
0.214 3.314 
0.364 (Pitch point) 2.081 
0.439 1.194 
0.47605 0.686 
0.495 0.415 
0.522 (Omax) te} 


It can be seen that, for points of contact near the beginning of the interval of contact, 
the pressure distribution, and hence the load capacity, is affected only slightly by the 


Wear, 4 (1961) 56-63 


LOAD CAPACITY OF GEAR TEETH 61 


presence of the end of the tooth. As 0 increases and the end of the tooth comes closer, 
the pressure distribution is decreased. Therefore the sole effect of a finite length 
tooth is to decrease the load capacity. 


Fig. 2. Pressure distribution. 


The dimensionless coordinate X representing the end of the tooth varies inversely 
with £. Thus for thinner films the end of the tooth is further away and therefore 0 
must be much closer to Omax before the pressure distribution is affected. 


THE LOAD CAPACITY 


Fig. 3 shows the variation of the dimensionless load capacity, W, with the location 
of the point of contact, 0, for various values of the minimum film thickness parameter, 
B. The results show that for sufficiently thick films (large #) the load capacity is a 
maximum at the beginning of contact and decreases continuously along the line of 
action. This decrease is principally due to the effect of the end of the gear tooth as 
shown in Fig. 2. 

For thinner films the load capacity increases for a distance, reaches a maximum, 
and then begins to fall off. Here the effect of the end of the tooth is not predominant 
until 9 is very near to Omax. For progressively thinner films the point of maximum 
load capacity gradually approaches the pitch point. However, for any finite film 
thickness the load capacity is not greatest at the pitch point. 


VARIATION OF THE MINIMUM FILM THICKNESS 


In this and in the previous analysis! it has been assumed that the minimum film 
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thickness, o, is constant. Actually it will vary along the line of contact and will 
contribute to the 9//9¢ term in eqn. (4). In dimensionless form this effect may be 
included in the analysis by adding the term 24/ df/d6 to the right-hand side of 


eqn. (7). 


Fig. 3. Load capacity versus contact angle. 


Fig. 3 suggests that if we specify the dimensional load capacity, w, as a function 
of 0, then we can find the value of f, at any value of 0, which will give that load ca- 
pacity. With this information the required derivative, d6/d0, as a function of # can 
be computed and eqn. (7) can be integrated as before to give a revised version of 
Fig. 3. This would represent a first correction which includes the effect of the minimum 
film thickness variation. This process could be repeated several times until there are 
no further corrections. The final result would be a plot of f vs. 6 which will be compa- 
tible with the specified load capacity variation. 

Unfortunately, it is generally not known how the load capacity must vary. To de-— 
termine it would require the solution of a very complex dynamical problem and would 
require knowing a great number of properties of the entire system, 7.e., prime mover, 
gear train, and load. The amount of information required would severely restrict the 
generality of the solution. Probably the only tractable assumption would be that the 
load capacity, w, is constant. However, this assumption is not generally representative 
of real gear systems. 


CONCLUSIONS 


It has been shown in this paper that the load capacity of mating gear teeth is not 
a maximum at the pitch point, but approaches this situation for progressively thinner 
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films. Since thin films correspond to heavy loads, the results of this paper indicate 
that in the important problem of heavily loaded gears, in which there is much current 
interest, the maximum load capacity is likely to occur near the pitch point. 
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SUMMARY 


This paper describes some experiments carried out with plane thrust surfaces of the type used in 
radial-face seals, to study the pressures in the gap between the surfaces. 

Even without a pressure difference across the face, the fluid film was found to be capable of 
withstanding appreciable loads, and measurements of load and face separation for different shaft 
speeds and liquids were made. These generated pressures were often accompanied by a centripetal 
pumping action causing inward radial flow. 

Similar measurements were made with an applied pressure difference across the face, as in the 
case of a seal. In all the tests, the pressure exerted by the fluid between the faces was found to be 
greater than that expected on theoretical grounds. Reasons for the discrepancies are discussed. 


INTRODUCTION 


The existence of fluid films between parallel thrust surfaces was first demonstrated 
by Foce! who found that plain ungrooved annular rings were able to support thrust 
loads under at least partial film conditions. However, heat generation was considered 
to be excessive, and radial grooves were used to increase the lubricant flow; work on 
the plain faces was not pursued. 


Recent experiments with radial-face seals, in which anomalous pressure conditions — 


between the faces have been discovered, has re-awakened interest in the lubrication 
conditions in this configuration. For instance, with an unbalanced seal, in which the 
force holding the faces together should be much greater than that tending to force 
them apart, it is possible for a continuous liquid film to exist between the faces. 
This implies the existence in the film of pressures in excess of those in the bulk of the 
liquid. Moreover, JAGGER? has shown that it is possible for such an oil film to exist 
without any leakage occurring. 

From the point of view of the pressure-balancing of seals, these facts are of great 
importance, and the present work is an attempt to measure the pressures and forces 
occurring under operating conditions. 

This paper should be regarded as nothing more than a description of a series of 
exploratory experiments, from which certain tentative conclusions have been drawn. 
Much further work, particularly with high applied pressures, needs to be done, and 
the present findings may require modification in the light of future results. 


* Present address: Pratt Precision Hydraulics Ltd., Craven Edge Works, Halifax, England. 
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NOMENCLATURE 


= net mechanical force on faces 

= fluid pressure applied inside annulus 

= fluid pressure applied outside annulus 

= centrifugal fluid pressure 

= mean fluid pressure between faces 

= area inside annulus 

= area outside annulus see Fig. 3 
= area of stationary annular face 

= outer radius of stationary face 

= width of stationary face 

= radius ratio of stationary face = (a — L)/a 
= mean separation of faces 

= mean fluid viscosity 

= fluid density 


EXPERIMENTAL APPARATUS AND PROCEDURE 


A general view of the apparatus is shown in Fig. ra. A vertical shaft driven by a 
variable speed motor was mounted in selected journal and thrust bearings, these being 
spring-loaded to prevent end-float. The lower end of the shaft was fitted with a 


Fig. 1a. General view 


of test apparatus arranged for pneumatic application of face loading. 
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replaceable steel cap, the end being machined in situ to form an annular bearing face 
(Fig. 2a). Against this rotating face was pressed a similar annular surface, mounted on 


a stationary disc fitted with a water-jacket for cooling and a torque-arm for measuring 
friction. 


Carbon Sreel 
Stationary eer Sey Rorating 


Insulating | Face q Face ‘| Removable 
Layer ES 
Perspex ns = aie 4 
Guard A 7 : ae Z 
: KK KK 
Cooling SS ace. RSE a Se Mexg' Cooling 
ater be \ie ~~ Water 
! adios 


NS 


Droin— 


ae 


Blanking Cap 
for use with a 


Pneumatic Loading 


Air pong lll Soy, 


Pressure = / 


Lever to apply 
Mechanical Loading 


Fig. 2a. Sectional view of lower part of apparatus. 
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The faces were pressed together either by means of a weight-loaded lever mounted 
in a ball bearing fulcrum (as shown in Fig. 2a), or by air pressure acting on a small 
piston, the stationary disc being centred by a single ball bearing. The weight of the 
disc and associated parts was offset by a counterbalance. Oil could be fed under 
pressure to the centre of the annulus and also, by the use of an auxiliary lip-seal, to 
the outer periphery of the sliding interface. 


Area A A 


y 
4 

7; 
7, 


\ 
: 


< pressure 


LLLLL 


Stationary 


F 


Fig. 2b. Forces acting on faces. 


Separation of the faces was measured by a capacitance method, resistance methods 
having been found to give erratic and unrepeatable results. Two segments of the 
stationary carbon ring were insulated by thin films of Araldite from the rest of the 
ring and from the back plate on which it was mounted, as in Fig. rb, and each was 
used as one plate of a condenser. The rest of the ring, including the rotating face, was 
earthed to provide the other plate of the condenser. The magnitude of the capacitance 
between the faces was converted into a voltage signal using a Southern Instruments 
F.M. system; by placing known capacitances in the circuit in place of the test capaci- 
tance, the output signal, indicated on a cathode-ray oscilloscope (C.R.O.), could be 
calibrated. The separation of the faces was calculated from the dimensions of the seg- 
ments using a value of 2.2 for the dielectric constant of hydrocarbon liquids, this 
figure being checked experimentally for Tellus 27 oil. 

For some of the experiments an alternative stationary face fitted with pressure 
tappings and thermocouples was used, Twelve pressure tappings each about 0.5 mm 
in diameter were connected to mercury manometers by short lengths of capillary 
tube. Three copper-constantan thermocouples were mounted in Araldite at different 
radii and lapped flush with the surface of the carbon ring. 

Average face pressures were calculated from a force balance, taking into account 
the effect of any applied fluid pressure. Fluid pressure was applied in turn to the inner 
and outer periphery of the gap between the faces, the face separation being recorded 
at each pressure. No instability of the face separation was encountered, and up to 
15 microns there was a definite value corresponding to each load condition. 

Referring to Fig. 2b, for the stationary disc to be in equilibrium the net closing 
load F must be balanced by the sum of the fluid pressure loads on the areas A1, A2 
and A, Friction of the loading mechanism amounted to less than 1%, and it was con- 
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firmed that with the shaft rotating the axial component of the lip-seal friction was 
also negligible. Average face pressures (J) were calculated from the expression 

pe 


Fo= Aj (> ++ *) + Aspe + pAs 


where Ai = 29.40 cm2; Ag = 16.50 cm?; A3 = 16.45 cm*. 


The force due to fluid pressure between the faces was often small compared with the 
other forces and to obtain consistent results it was necessary to pay particular atten- 
tion to the accuracy of pressure measurement. Centrifugal fluid pressures were included 
in the force balance, although these were found by experiment to be small. Measured 
values conformed to 

(0.2 w)27?W 


2g 


oo 


and gave a maximum pressure of 0.007 atm. at 2,000 r.p.m. 

The method of measuring leakage was to record change of level of fluid in a gradu- 
ated tube over a period of at least 30 minutes, the required pressure being applied 
to the fluid by compressed air. 

Dimensions and performance details of the apparatus are given below: 


Shaft diameter 5.08 cm 

Shaft speed range 0-4,000 r.p.m. 
Load range 0-77 kg 

Fluid pressure range o-1.7 atm. 
Cooling water rate 0.18 kg/min 
Cooling water temperature 13-15°C 


Rotating face: Mild steel 


8.9 cm o.d. 5.7 cm i.d. 


(Run-out less than 2.5 w, flatness within 0.5 «4, surface finish 0.1 y) 


Stationary face: Copper- 


7.6 cmo.d. 6.1 cm i.d. 


loaded carbon 
(Flatness within 0.5 mu, surface finish 0.1 yz) 


Viscosity of liquids used Castrol D r40 oil*: 1800 approx. 
given incentipoise at 20°C Shell Tellus 27 oil**: 80 ‘a 
Kerosene: 1.8 A 
Water: I.0 is 
Acetone: 0.33 . 


EXPERIMENTAL RESULTS 
Direct measurement of pressure 
Pressure readings from the tapping points located in the stationary face did not 


remain constant but fluctuated over a wide range. Many different types of pressure 


* Mineral oil with extreme pressure additives. 
** Hydraulic oil, mineral base. 
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distribution were recorded under nominally constant conditions, and the peak pres- 
sures did not appear to be related to the fluid pressure applied between the faces. 
Pressures substantially in excess of the applied pressures were frequently recorded. 
Some of the anomalous pressure distributions were no doubt due to the tappings being 
spaced around the periphery, but it was not practicable to place the tappings in line 
across the face. In view of the unrepeatability of the readings, measurement of local 
pressures was abandoned in favour of measurement of the integrated pressure over the 
whole surface. 


Average face pressures in the absence of applied pressure 


Tests confirmed previous findings that substantial pressures were built up between 
the annular faces even in the absence of applied fluid pressure, and a brief study of 
these generated pressures was made before the effect of applied fluid pressure was 
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Fig. 3a and b. Variation of face separation with loading. No applied pressure. 
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determined. A small head of liquid was applied to the space between the faces to 
ensure that the interface was submerged; records of applied load and face separation 
were then taken at various shaft speeds. In Fig. 3 the relation between face separation 
and average face loading is plotted both for Tellus 27 oil and for kerosene. Within 
the range covered by the graphs there was no evidence that the surfaces were touching, 
but the C.R.O. trace indicated some electrical breakdown of the film when the face 
separation fell much below 0.75 wu. 

The C.R.O. traces disclosed cyclic variation of the gap thickness, with a main 
frequency double that of the shaft rotation. A high frequency ripple was also notice- 
able, but this was apparently unrelated to shaft speed. The two capacitance segments, 
located on opposite sides of the annulus, gave traces similar in magnitude and almost 
in phase, suggesting that one of the faces was moving axially relatively to the other. 
A specimen trace is shown in Fig. 4. The amplitude of oscillation varied appreciably 


One _ revolution 


Fig. 4. Typical trace of face separation. Tellus 27 oil. 2,000 r.p.m. 


from test to test, but the majority of the readings lay between 0.2 and 0.25 uw; extreme 
values recorded were 0.15 and 0.4 uw. No correlation with load or speed could be dis- 
covered, but with kerosene the amplitude tended to decrease slightly with decreasing 
face separation. The amplitude did not appear to be affected by the method of face 
loading in spite of the resulting differences in inertia of the stationary parts. 


Average face pressures with pressure difference applied 

Face pressure measurements were now repeated with pressures of 0.037 and 1.0 atm. 
applied to the centre of the annulus. Results are shown in Fig. 5. From these graphs 
evidence is again provided of pressure generation due to the shaft rotation, for not 
only did the face pressures vary considerably with shaft speed, but they also greatly 
exceeded the applied fluid pressure. With face separations above about 2.5 mw the 
curves converged on the zero speed curve, suggesting that beyond this point the 
generated pressures became insignificant. 

A typical plot of face separation against applied pressure with the shaft stationary 
is given in Fig. 6, and Fig. 7 shows the relation between average face pressure and 
face separation for various loads. 

To obtain comparisons between different operating conditions and between different 
fluids, avoiding the effects of the generated pressures, a series of measurements of 
face pressures was made using an arbitrary face separation of 7.5 wu. This separation 
resulted in a leakage rate of about 1 cc/min for Tellus 27 oil under a pressure of I atm. 
and seemed to be a reasonable point to fix on as the limit of separation allowable 
in practice. For many applications this limit may be too high. 
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The value of the average face pressure under these conditions was evaluated for 
five different fluids, representing a viscosity range of over 5,000, using pressures up 
to 1.7 atm. applied both to the inner and to the outer periphery of the interface. The 
ratio between average face pressure, #, and applied pressure, , was found to be 

‘unaffected by the magnitude of the applied pressure or by shaft speed. Fig. 8 shows 
that the mean value of A/f for outward radial flow was 0.55 with an average scatter 
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of 5%, whereas the theoretical value based on parallel surfaces and uniform viscosity 
is 0.465. (See Appendix II.) From Fig. g it can be seen that a value of j/p = 0.60 
was obtained with inward radial flow, where the corresponding theoretical value is 
0.535. 

Among the different fluids, all gave similar results for applied pressures up to 0.8 
atm. Above this pressure acetone proved an exception, and considerably greater face 
pressures than average were recorded; one measurement even gave a face pressure 
in excess of the applied pressure. These conditions were accompanied by unstable 
running and severe fluctuation of the C.R.O. trace, and it is probable that the liquid 
in the gap was boiling. Certainly the face temperatures would have approached the 
boiling point of the liquid. 

Repeat tests using Tellus 27 oil were carried out 

(a) after relapping the stationary face 

(b) after relapping both faces 

(c) after dismantling the shaft assembly 

(d) after various periods of running 

No change in the recorded face pressures could be detected. 


+ + 

cS 

c O75 
<< + h 

a 

= FOr 

1a. (Atm.) 
L 0.5 
zs] 

R 

2 

Qa 

a 

is} 

= 0.25 
oO 

L@)) 

oO 

Cc 

g 

g 

ahas as e) 
O 5 10 15 20 


Applied pressure p lb./sq. in. 
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Face temperatures 
Temperature measurements were made using thermocouples embedded in the du- 
plicate stationary face. Recorded temperatures tended to fluctuate but average values 
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were found to depend mainly on shaft speed and to a lesser extent on leakage rate 
and face loading. The ranges of values recorded at different shaft speeds are given 
in Fig. 11. Since the carbon face used was not fitted with capacitance segments the 
face separations under these conditions were not known with certainty. There was 
evidence of a temperature gradient across the face, but differences were only of the 
order of 20% of the mean temperature rise, and did not exceed 20°C. Typical results 
using kerosene are.shown in Fig. 12. 
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Friction torque 


Friction torque readings were taken at the same time as the measurements recorded 
in Fig. 3. These are given in Fig. 13, the superimposed lines representing the theoret- 
ical values of the torque for viscosities equivalent to the stated temperatures. The 
experimental points should not be expected to follow exactly the slope of these lines, 
since temperature will be a function of face separation as well as of speed. These tem- 
peratures are roughly in agreement with the direct measurements given in Fig. 11. 


Leakage rates 


Leakage rates even under nominally constant conditions were very variable, and 
the quantities recorded during successive 30-minute periods often differed by a factor 
of 4 or 5. Results given in Fig. 14 are typical. The lines superimposed represent the 
theoretical leakage rates for constant viscosities equivalent to the stated temperatures. 


The temperature range of the experimental results is again similar to that determined 
by direct measurement of face temperature. 
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Anomalous leakage effects were observed with very small applied pressures, there 
being a tendency for fluid to flow radially inwards regardless of the pressure difference. 
Without any pressure difference across the face the pumping rate varied with shaft 
speed as shown in Fig. 15. On the basis of normal leakage under the applied pressure 
these flow rates correspond to appreciable pressure differences; a figure of 1.35 atm. 
has been estimated from the available data. 

To determine the stalling pressure of this inward pumping action, experiments were 
made with various pressures applied to the centre of the annulus, oil at atmospheric 
pressure being supplied to the outside. Results for Tellus 27 oil and Castrol D 140 oil 
are given in Fig. 16. In the latter case an exact balance was achieved at a pressure of 
0.38 atm., there being no flow for over one hour. Unfortunately, these figures have 
little significance, for the stall pressure and the rate of pumping were found to change 
considerably each time the faces were relapped or the machine dismantled. The inward 
pumping action itself was, however, always apparent. 
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On one occasion, with Tellus 27 oil under small head between the faces, air was 
pumped from the atmosphere into the central oil recess, the recorded rate being 0.08 
cc/min for 12 minutes. Eventually the faces became dry, the friction increasing con- 
siderably. On dismantling, the surfaces and the oil recess were seen to be quite dry. 


Wear 


Each time the surfaces were inspected wear was apparent on the carbon face, though 
the amount of material removed was probably extremely small. The presence of a 
large number of shallow circumferential grooves made inspection by optical inter- 
ference difficult, but some estimates of the surface contours have been made. Wear. 
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did not occur uniformly across the face, but tended to be greatest on the upstream 
edge. Thus, as shown in Fig. 17, with the flow radially outwards, the wear was 
greatest at the inner diameter; with the flow inwards, wear was greatest at the outer 
diameter. The total wear appeared to be of the order of 10-20 sodium light bands 
(2.7-5.4 ), the greater proportion occurring over a small area on the upstream side. 
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DISCUSSION 


The presence of generated pressures between the faces, arising from shaft rotation, 
has been clearly demonstrated. Regarding their origin it seems unlikely that the 
mechanism is the same as that in conventional thrust bearings. Most thrust bearing 
explanations, such as those discussed by CAMERON®, LewIckI4 and ZIENKIEWICZ?, 
depend on temperature gradients in the direction of motion, causing viscosity or 
density changes. In the plane thrust face there is rotational symmetry so that such 
temperature gradients do not exist. BARWELL, in discussing results presented by 
_ JAGGER?, has suggested that the fluid, when subjected to extremely high shear rates, 
may exhibit Weissenberg effects, but TANNER® analysed the conditions in a face seal 
and concluded that non-Newtonian behaviour was unlikely to explain the observed 
results. 

Some work published recently has suggested a mechanism that could account for 
both the generated pressures and the inward pumping action. REINER’ described 
experiments in which a metal disc rotating in air was brought progressively closer 
to a stationary surface. When the gap between the faces was very small, air was 
pumped inward towards the centre and pressures of up to half an atmosphere were 
measured. TAYLOR AND SAFFMAN® attributed these effects to vibration and mis- 
alignment of the rotor, pointing out that it is impossible for the disc to run truly 
parallel at a constant clearance. They have shown that with such imperfections and 
with a compressible fluid obeying an isothermal law, pressures will be generated 
of the same order of magnitude as those observed by REINER. When the varia- 
tion in thickness of the gap is caused by tilt of one of the faces, there is an inward 
pumping tendency that does not arise in the case of pure axial vibration. Pres- 
sures and flows caused by vibration or tilting are superimposed on those caused by 
applied pressure difference and by relative rotation of the faces; friction torque 
remains unaffected. WHITEMAN? has extended this analysis to the case of a fluid with 
constant bulk modulus (liquid in place of gas) and for a rotating annulus in place of 
a disc. Similar effects, differing only in magnitude, are shown to result from vibration 
and mis-alignment. 

Studying the present experimental results in the light of these theoretical findings, 
it seems possible that the generated pressures can be accounted for by the oscillations 
that were recorded. The C.R.O. traces showed that the oscillations were predominant- 
ly due to axial vibration, but with some tilting component that could have been the 
cause of the pumping action. Changes in this component could account for the vari- 
ability of the pumping action. Comparing the experimental measurements with values 
derived from the theoretical expressions, the pressures appear to be of the right order 
(Appendix I) ; some of the discrepancies can be accounted for by uncertainties in the 
magnitude of the viscosity. Variability in the compressibility of the fluid may also 
be a contributing factor. 

It is interesting to note that in spite of the random variations in the value of 
vibration amplitude the scatter of points on the f-v-h graph (Fig. 3) is quite small. 
During the tests, amplitudes appeared to vary randomly from 0.15 to 0.75 pw, but 
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minor changes to the apparatus, such as dismantling, relapping the annular faces 
did not appear to have any significant effect. 

In the absence of generated pressures, integrated fluid pressures across the annular 
face were very consistent and were apparently only a function of face separation. 
At a face separation of 7.5 w the pressures were over 10% higher than the theoretical 
values (derived in Appendix II) of 0.465 of the applied pressure for outward radial 
flow and 0.535 for inward flow. The higher pressures recorded could have resulted 
from a progressive increase in fluid viscosity along the leakage path, but temperature 
gradients were not great, and in any case were in the wrong sense. Moreover, the tests 
with fluids having a widely different viscosity index suggest that viscosity effects 
are negligible. 

It is more likely that the effects were caused by changes in gap thickness along the 

leakage path. From the calculated effect of a tapered gap on the magnitude of the 
_ integrated pressure it appears (Table I) that the measured face pressures could be 
fully explained on the basis of a uniform reduction in gap thickness in the direction 
of flow of about 2.5 w. Elastic deformation of the faces under the action of fluid pres- 
sure could give rise to a converging taper, but under the conditions of the present 
tests this effect would be negligible. Since wear is known to result in converging tapers 
of about the right magnitude, there seems no doubt that this provides the explanation 
of the high face pressures. 


TABLE I 


SURFACE TAPER ESTIMATED FROM FACE PRESSURES 


Imax 


Flow Speed h Ge hmaz—hmin 
direction (r.p.m.) Gln PEN ae , 
Outward fo) 2.5, 0278 4:0 3.0 
Outward O-3000 7.5 0.55 1.25 1.75 
Inward 0-3000 7-5 0,007 1.30 2.0 


This raises the question of why wear should cause a converging taper. Wear re- 
sulting in removal of materials from the outer periphery is commonly found to occur 
in the case of radial-face seals, where the flow is almost always inwards; it is usually 
- attributed to slight rocking of one face relative to the other, and a value of 2 u for 
the overall taper has been given by Boon??. Wear resulting in removal of material 
from the inner periphery is less easily understood, but the effect has also been observed 
in the face valves of high pressure oil pumps, and some manufacturers attribute it 
to abrasive wear by dirt in the liquid. If this is the explanation it is surprising that 
liquids of considerably different purity gave such consistent results. 

Regarding application of measured face pressures to the design of radial-face seals, 
the effect of wear in producing a tapered leakage path was to raise the interfacial 
fluid pressures, up to a maximum of double those to be expected on the basis of 
Poiseuille flow through parallel faces. But very much higher face pressures existed 
in the region dominated by the pressure generation effect, and much greater face 
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loading was required to maintain a given leakage gap. These facts might well explain 
the successful operation of unbalanced face-seals on high speed shafts where the face 
loads appear at first sight to be excessive. With very low shaft speeds or with very 
high fluid pressures, generated pressures are probably insignificant. In the present 
apparatus they were apparent only when the face separation was less than 2.5 mu, 
but other mechanical arrangements might produce more powerful pressures with 
larger separations. In the absence of generated pressures, the nature of the liquid 
did not appear to influence the face pressures. This does not accord with the ex- 
perience of GREINER!!, who states that seals for low viscosity liquids require higher 
face pressures than seals for heavy oils. It may be, of course, that the practical 
criterion of face balance derives from leakage rate, in which case smaller gaps would 
be necessary with low viscosity liquids. 

The fact that face pressures continued to decrease with increasing separation gives 
the seal mechanism an inherently stable characteristic. Thus the faces tend to 
re-close if temporarily separated by transient conditions. 

Friction torque measurements are consistent with complete separation of the an- 
nular faces by a fluid film, and thus probably represent the best measure of the average 
viscosity* of the fluid between the faces. To confirm this there is quite good agreement 
between film temperatures derived from average viscosity, and face temperatures 
measured by thermocouple. Apparent coefficients of friction ranged from 0.05 to 0.2, 
compared with a static coefficient of about 0.13. 

Measurements of leakage under applied pressure difference showed considerable 
scatter under any given set of conditions. The variability of the inward pumping 
action undoubtedly contributed, but the discrepancies probably arose mainly from 
the difficulty of keeping conditions constant over the period of measurement of 
leakage. Transient changes in face separation could greatly affect total leakage, yet 
remain undetected in occasional readings of torque or face separation. Similar scatter 
in leakage measurements has been observed during tests on complete radial-face seals. 
In general, the leakage rates conform to the theoretical cubic relation with face 
separation, and roughly accord with calculated values using viscosities derived from 
torque measurements. 

The centripetal pumping tendency has serious practical implications, since seals 
are often used to keep different liquids separated. It is usually assumed that a small 
pressure differential, say 1 atm., suffices to ensure that flow is biased in one direction, 
but this assumption is no longer tenable since experiments with another apparatus 
have shown that negative leakage against a pressure of at least 3.5 atm. can take place. 
The present experiments also show that air may be introduced into a liquid system 
by this mechanism. These findings are borne out by industrial experience, and cases 
are on record where negative leakage has occurred. One firm has noticed that in a 
small proportion of the submerged centrifugal pumps manufactured, water is forced 
into the sealed oil chamber by the action of the seal. 


* In determining such viscosities it is assumed that tapered clearances have the same influence 
on torque as on electrical capacitance. 
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CONCLUSIONS 


In the range of conditions covered by the present tests, fluid pressures between the 
rotating annular surfaces were always greater than those predicted on the basis of 
laminar flow between parallel surfaces. Two effects contributed to this: 

(a) Fluid pressures were generated between the faces by the shaft rotation. 

(b) Wear of the faces tended to produce a convergent gap in the direction of flow. 

Both effects resulted in a stabilising action to prevent the faces separating inad- 
vertently. It is tentatively suggested that the generated pressures were due to vi- 
bration of the faces and that the wear was due to impurities in the liquid. 

A centripetal pumping action of appreciable magnitude has been shown to occur 
under some conditions, so that flow against a pressure gradient is possible. 
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APPENDIX I 
Face pressures due to vibration 


The theoretical expression derived by WHITEMAN for the average pressure generated 


by an axial vibration is 


Kb2(1 — R)4B /12pna?\? 
“ie ) 


64 Kh? 
= fluid bulk modulus 
= amplitude of oscillation/mean gap 
radius ratio of faces 
= a function of R (0.66 for R = 0.8) 
= fluid viscosity 


where 


See 
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nm = frequency of vibration 
a = outer radius of annular faces 
h = mean gap between faces 
b2un? 
h4 


thus pe 


Owing to the large random variations in the value of } recorded in the experiments 
it is not practicable to verify this expression using mean measured values of p. 


TABLE II 
COMPARISON OF ESTIMATED VISCOSITY VALUES 
Estimated from Estimated from 
Shaft h > face pressures friction torque 
Fluid ad b 
ie oe) (w) (atm) Viscosity Corresp. Viscosity Corresp. 
(centipoise) temp. (°C) (centipoise) temp. (°C) 
Kerosene 1,050 1.0 0.22 0.24 2.35 10 1.9 20 
3,000 1.6 0.22 0.13 1.20 60 E:2 60 
2,000 0.6 1.42 0.53 0.46 > 100 1.2 60 
2,000 I 0.01 0.33 1.60 35 1.4 40 
Tellus 27 2,000 1.5 0.61 0.096 8.2 go 3.5 140 
3,000 3-75 0.014 0.043 1.0 > 160 2.0 160 
800 1.15 0.61 0.017 1.0 > 160 4.5 120 


However, using actual recorded values of A, b, h and n, estimates of corresponding 
viscosity have been made for a number of sets of conditions. These are compared in 
Table II with the viscosity values estimated from friction torque readings. 


APPENDIX II 
Face pressures due to Poiseuille flow 


Laminar flow through a clearance between two faces is governed by the equation 


where Q = total flow 

fu = fluid viscosity 

b = width of leakage path 

If 6, h and mw are constant, then d/dx is constant and the pressure drop is linear. | 

For annular surfaces, however, is a function of x and the pressure gradient is not 
uniform. Changes in pressure gradient can also arise from variation in clearance or 
viscosity in the direction of flow. Moreover, when average face pressures are consid- 
ered, these are influenced by the radius ratio as well as by the pressure distribution. 
The effect of these variables on the average face pressure is given below. 


= 


L 
—————— a 
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Assuming a linear variation of viscosity and gap along the flow path, the pressure 
at any point is given by: 


Average pressure 


Values of as a function of viscosity ratio and clearance ratio are plotted in Fig. 18 for 
a radius ratio of 0.8. It can be seen that a ten fold change in viscosity has less effect 
than a twofold change in clearance. 

When f, y = 0 

then p = 0.535 for inward radial flow and 0.465 for outward radial flow. 
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Authors’ Abstracts 


An Electron Microscope Study of Synthetic Graphite 


I. M. Dawson ann E. A. C. Fottett — Proc. Roy. Soc. (London), A, 253 (1959) 390- 
402; 15 figs., 1 table, 25 refs. 

The ultra-microtome has been used to obtain thin sections of synthetic graphite 
blocks. The thickness of the sections was measured by shadowcasting and measuring the 
shadow length at appropriate edges. An average value of 150 A was obtained. Trans- 
mission electron micrographs of thin sections showed moiré patterns and the inter- 
relation of these moiré patterns revealed a characteristic grain structure in graphite 
akin to that seen in metals but with component microcrystals of smaller dimensions. 
The area of the individual microcrystals forming the grain structure was measured 
and was found to be 0.11 + 0.074 w?. The boundary between neighbouring micro- 
crystals was narrow and of around 50 A in width. Pores were visible at the junction 
of three or more contiguous microcrystals and were of diameter 400-800 A. 

The selected-area electron diffraction technique was used to determine the orien- 
tation of individual microcrystals in the graphite sections. It was found that the 
hexagonal layer net planes were lying parallel or at a very small angle to the plane 
of the section. The electron diffraction patterns were also used to correlate the layer 
stacking faults in individual microcrystals both by counts of individual reflexions on 
the (1120) diffraction ring and by counts of the extra reflexions due to the long 
spacings between successive displaced layers. The average value of 13 A found for 
the distance between successive stacking faults is equivalent to the distance between 
four hexagonal layer net planes. 

The moiré patterns in the electron micrographs could be related to the long spacings 
in the electron diffraction patterns. It was possible to calculate the angle of twist 
between successive stacking faults from the long spacing or from the moiré pattern. 

Dislocations were seen in many of the thin sections and were observed as extra 
terminating half-lines in the moiré patterns; these dislocations were present in the 
hexagonal layer net planes themselves and indicated that there was in this region a . 
considerable deformation of the benzenoid structure of the hexagonal layer nets. The 


measured frequency for their occurrence was 3.3-107/cm2. Slip planes were also de- 
tected in some specimens. 
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Systematic Abstracts of Current Literature 


Selected from the literature and from Battelle Technical Review 1960 


1. DEFORMATION AND FRACTURE 


Contribution to the Investigation of the 
Effect of a Jet of Gas on the Free Surface of 
a Liquid. (in French) 

F. Mathieu. Rev. universelle mines, 16 (1960) 
309-321. 

Effects caused by a vertical airjet on the 
surface of a volume of water in a cylindrical 
vat. Describes different deformations of the 
liquid surface, and calculates depth and width 
of the impression, which forms under the jet 
in the result of air flow, and which depends 
on the distance of the nozzle from surface of 
water and on diameter of nozzle. 


Strength, Stability and the Equicohesive 
Point. 


E. E. Underwood. J. Inst. Metals, 88 (1960) 


266-271. 


A series of high-purity alloys based on iron- 
18% Cr, balance Ni, was prepared to include 
the a (x + y), and y phase fields. Strengths 
were measured by means of creep, tensile, and 
hardness tests. Stability was evaluated from 
the rate of decrease of high-temperature 
strength with time. It is shown that the 
ambiguity connected with the equicohesive 
temperature can be eliminated when time or 
strain-rate effects are accounted for, thus 
conferring a unique value on the transition 
between low and high-temperature behavior. 
This fixed value is called the equicohesive 
point, rather than the equicohesive temper- 
ature. 


2. FRICTION 


Friction Forces in Wire Ropes. (in Russian) 
Kk. A. Mosiichuk. Izvest. Vysshykh. Ucheb. 
Zavedenit, Gornyli Zhur., (5) (1960) 87-92. 

Considering wires wound along a spiral line 
as flexible elastic elements greatly simplifies 
the solutions of problems connected with the 
friction of the wires and of the strands in the 
rope; this theory agrees with experimental 
data. Problems concerning the effect of the 
wire section on the solidity of the rope, 
hysteresis, residual deformations, and metal 
wear in the ropes become practically solvable. 


Flight Tests to Determine the Coefficients 
of Friction between an Aircraft Tyre and 
Various Wet Runway Surfaces. Part 2. Trials 
on a Brushed Concrete Runway at R.R.E. 
Pershore. 

Ministry of Aviation (Gt. Brit.) MOA S & T 
Memo 5/60, April 1960, 3 pp. and illus. 
Shows the variation of friction coefficient with 


speed, slip ratio, tire pressure, and vertical 
loading. 


Studies of the Retardation Force Developed 
onan Aircraft Tire Rolling in Slush or Water. 
W. B. Horne, U. T. Joyner and T. J. W. 
Leland. NASA Tech. Note D-552, September 
1960, 29 pp. OTS price, $o.75. 

A series of unbraked taxi tests was conducted 
with a 32 X 8.8, type VII, 22-ply-rating 
aircraft tire to obtain data on tire retardation 
forces developed during rolling on both slush- 
and water-covered runway surfaces at for- 
ward velocities from 59 to 104 knots. 
Results indicated a parabolic increase of re- 
tardation force with increasing forward veloc- 
ity in both slush and water. Calculations 
made to determine the effect of slush on the 
take-off distance of a jet transport are in 
agreement with the results obtained for an 
actual take-off in slush. 


3. LUBRICATION AND LUBRICANTS 


3.1. Lubrication 


A Theory of Boundary Lubrication. 

A Cameron. Trans. ASLE, 2 (2) (1960) 195- 
198; 1 fig., 8 refs. 

The mechanism of boundary friction is as- 
sumed here to be due to the molecular forces 
between hydrocarbon molecules adsorbed on 


the surfaces rather than to welding and tear- 
ing of the opposing surface roughness. On this 
assumption the frictional force, which arises 
when two orientated layers are moved over 
each other, can be calculated. The formulae 
for the Van der Waals and the repulsion 
forces are those successfully used by Miiller 
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for paraffins. The different values of the 
kinetic and static frictions can be explained 
by the forces being due to the tails of the 
chains in kinetic and the sides of the chains 
in static lubrication. The value of the coeffi- 
cient of friction, as calculated by this method, 
is of the correct order of magnitude. 


Three-Dimensional Lubrication Under Tur- 
bulent Conditions. 

V.N. Konstantinesku. Rev. mécan. appl., 5 (1) 
(1960) 47-66. 

Considers distribution of velocities of a lateral 
flow in the lubrication layer applying the 
hypothesis of path of displacement of Prandtl 
and results previously obtained. Approximate 
relations with dependency of lateral consump- 
tion on change of pressure were determined. 
A differential equation was obtained for the 
case of bearings of finite length. 


A New Approach to the Lubricating Prob- 
lems of Internal Combustion Engines. 

F. A. Kirigin. Lubrication Eng., 16 (1960) 
315-320. 

Considers the isolated physical and chemical 
phenomena occurring; emphasizes the inter- 
connections of laws and factors involved. The 
proposed scheme is illustrated by applying it 
to the compression ignition engine. 


A Dynamic Theory of Piston-Ring Lubrica- 
tion. 

Shoichi Furuhama. Bull. JSME, 3 (1960) 
291-2907. 

Experimental study was made on the dyna- 
mics of piston-ring lubrication. Apparatus 
used had a stationary piston and a moving 
cylinder, the speed of which could be acceler- 
ated to 2000 r.p.m., and a constant or varied 
load was applied to the piston-ring. 


A Low-temperature Study of the Relation- 
ship between Engine Cranking Speed and 
Lubricant Viscosity. 

Theodore W. Selby. Trans. ASLE, 2 (2) (1960) 
208-216; 9 figs., 3 tables, 9 refs. 

In this paper the author has analysed the 
results of 250 cranking tests on two different 
V-8 engines conducted at temperatures from 
+3 to —35 °F, using three fluids, two of 
which contained Viscosity Index Improvers. 
The data seem to indicate an exponential 
relationship between cranking torque, crank- 
ing speed and viscosity. 


3.2 Gases and Liquid Lubricants 


Halogen-Containing Gases as Lubricants for 
Crystallized-Glass-Ceramic - Metal Combi- 
nations at Temperatures to 1500°F. 

D. H. Buckley and R. L. Johnson. NASA 
Technical Note D-295, October 1960, 19 pp. 
OTS price, $0.50. 

The gases CF2Cl—CF2Cl and CF,Br—CF2Br 


were used to provide lubrication for Pyro- 
ceram 9608 sliding on various nickel- and 
cobalt-base alloys. The use of Pyroceram 9608 
minimized the corrosive wear encountered 
with metal—metal combinations using halo- 
gen-containing gases reported in earlier re- 
search. In the friction and wear experiments 
a hemispherically tipped rider (Pyroceram 
9608) under a 1200-g load slid on a disk 
(nickel- or cobalt-base alloy) rotating at 3200 
ft./min. The gas CF2Br—CF2Br was an effec- 
tive lubricating agent for Pyroceram 9608 
sliding on Hastelloy R-235 and Inconel X at 
temperatures up to 1400°F. The gas CF2Cl— 
CF.Cl was effective in providing lubrication 
for Pyroceram 9608 on various cobalt-base 
alloys at 1000°F. 


Lubricating Oils for Aviation Gas Turbines. 
V. V. Panov and Yu. S. Sobolev. NASA 
Technical Translation, TT-F-21, May 1960, 
82 pp. 

Laboratory testing methods cannot fully 
reproduce the behavior of oils under opera- 
tional conditions. Accordingly, the ultimate 
serviceability of gas turbine engine lubricat- 
ing oils is assessed on the basis of results of 
tests on individual frictional assembly in- 
stallations of engines and on full-scale engines. 
In certain cases, oils are tested under in-flight 
conditions. 


Development in Lubricant Additives. 

E. G. Curpher. Sci. Lubrication (London), 12 
(1960) 26-27. 

Discusses calcium petroleum sulfonates, stable 
oil/water emulsions and multifunctional ad- 
ditives. 


Cam and Tappet Lubrication. IV. Radio- 
active Study of Sulfur in the EP Film. 

E. H. Loeser, R. C. Wiquist and S. B. Twiss. 
Trans. ASLE, 2 (2) (1960) 199-207; 12 figs., 
1 table, ro refs. 

A radioactive tracer, sulfur-35, synthesized 
into zinc dialkyl dithiophosphate molecules, 
was used to study the EP film formed on cast 
iron cams and tappets run in motor oils 
containing this additive. The sulfur content of 
static films increased with immersion time 
and temperature, and the presence of phos- 
phate-coated metal surfaces. The bound sulfur 
of films formed during dynamic tests increased 
with running time, load, and with the use of 
phosphate-coated surfaces. These conditions 
also influenced the ratio of Zn : P:S con- 
tained in both static and dynamic films. Zinc, 
and particularly phosphorus, in the films in- 
creased more rapidly than the sulfur with 
increased temperature and/or pressure. The 
dynamic films are not easily worn off by 
running in nonadditive oil. The mechanism of 
action of zinc dithiophosphates appears to be 
related to chemical reactions of additive de- 
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composition products with the metal surfaces 
to form tightly-bound solid films which reduce 
damage under extreme pressure conditions. 
Radioactive counting and X-ray spectroscopy 
were used to obtain the amount of sulfur and 
zinc on tappets. Densitometer traces of the 
autoradiographs were utilized to determine 
the distribution of the sulfur on cam and 
tappet surfaces. 

For abstract of Part III, see Wear, 2 (1958/59) 
493. See also Wear, 3 (1960) 309. 


Organo metallic and Organo-metalloidal 
High-temperature Lubricants and Related 
Materials. Part 4. 

H. Gilman and R. D. Gorsich. Iowa State 
College for Wright Air Development Center, 
U.S. Air Force, May 1957, 63 pp. (Order PB 
131176 from OTS, U.S. Department of Com- 
merce, Washington 25, D.C., $ 1.75.) 

The synthesis and preliminary thermal screen- 
ing for 36 compounds is described. This ex- 
periment was conducted to explore the 
possible application of new organo-metallic 
and organo-metalloidal substances as poten- 
tial high temperature lubricants and hydraulic 
fluids. The meta-biphenylyl group seemed to 
be equally as important as the ortho-biphenyl- 
yl group in having desirable physical charac- 
teristics. Some syntheses have previously 
been excluded because of steric hindrance. 
The authors feel that the methyldibenzyl- 
silymethyl group should be added to other 
promising groups, since it is particularly 
effective when combined with one of the new 
cyclic compounds. A table outlining the 
preliminary screening of 36 compounds for 
thermal stability is included in the report. 


3.3 Solid Lubricants 


Solid Lubricating Coatings. 

L. N. Sentiurikhina, E. M. Oparina, Z. S. 
Rubtsova and N. A. Suvorovskaia. Khimiia 
i Tekhnologiia, Topliv i Masel, 5 (7) (1960) 
24-29. 

Quality of the films, based on highly dispersed 
molybdenite suspensions and on binding sub- 
stances, is determined by nature of the bin- 
ders, method of application, conditions of 
solidification, and thickness of the coatings. 


Evaluation of Dry Powdered Lubricants at 
1000°F in a Modified Four-ball Wear Ma- 
chine. 

S. L. Cosgrove, L. B. Sibley and C. M. Allen. 
Trans. ASLE, 2 (2) (1960) 217-224; 4 figs., 
4 tables, 13 refs. 

For Abstract see Wear, 2 (1959/59) 488-489. 
The full paper has now been published. 


Fundamental Processes in Lubricating Metal 
Surfaces at 100°F to 1700°F. 

E. N. Klemgard. Lubrication Eng., 16 (1960) 
469-476; 18 figs., 1 table, 7 refs. 


Processes occurring in nickel alloy—solid 
lubricant systems operating in air, within the 
100° F to 1700 F range have been investigated 
Friction, wear, and surface damage involving 
multi-component solid lubricants containing 
graphite, boron oxide, silver chloride, silver 
fluoride, metal phthalocyanine, molybdenum 
disulfide, lead oxide, and sodium silicate were 
calculated. 

Processes involving adherence, metal solu- 
bilities, lubricant solubilities, and changes in 
the shear properties of the lubricants are 
most important. 


Consideration of Lubricants for Temper- 
atures above 1000°F. 

M. B. Peterson, S. F. Murray and J. J. Florek. 
Trans. ASLE, 2 (2) (1960) 225-234; 12 figs., 
8 tables, 18 refs. 

A study has been made of the various solid 
and liquid lubricants that could be considered 
for use at temperatures above 540°C; it con- 
sisted of a literature survey to isolate temper- 
ature-stable, low-shear-strength compounds, 
and some experimental work to evaluate the 
most promising materials. Many of these 
compounds were effective at high temper- 
atures and the results can explain the com- 
patibility of certain metals at high temper- 
atures. These compounds were not effective 
at lower temperatures. A more detailed study 
was made of the sliding characteristics of 
metals when lubricated with silver and molten 
boric oxide. The results show that, for silver, 
a number of factors such as choice of bearing 
materials, strength and impurities affect the 
frictional behavior. Boric oxide, under con- 
ditions of boundary lubrication, showed a 
large increase in friction when the viscosity 
increased above 2400 poise. Variations in the 
friction could be explained by independent 
variations of viscosity and shear area. 

No lubricants were isolated which could be 
considered completely effective for a temper- 
ature range from 27°C to above 540°C. The 
choice of bearing materials and designs will 
have to be made to minimize these deficien- 
cies. 


Lubricating Properties of Some Bonded 
Fluoride and Oxide Coatings for Temper- 
ature to 1500°F. 

H. E. Sliney. NASA Technical Note D-478, 
October 1960, 26 pp. OTS price, $ 0.75. 
Solid-lubricant coatings, with good chemical 
stability in air to at least I 500°F, were 
formulated. Friction and wear data were ob- 
tained with hemispherical specimens sliding 
at 430 ft./min against rotating disks coated 
with the experimental lubricants. Several ce- 
ramic coatings provided moderate friction 
coefficients (0.3 typical) and prevented severe 
metal galling and wear. Ceramic-bonded CaF. 
coatings provided low friction coefficients 
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(0.06 at 1500°F, 0.12 at rooo’F) as well as 
good wear protection at elevated tempera- 
tures. The relative thermal stabilities of metal 
halides in air were estimated by thermo- 
chemical calculations and checked by X-ray 
diffraction. 


Stretch Forming of Sheet Materials Using Ice 
as a Lubricant. 


4. MACHINE 


4.1 Bearings 


The Finite Partial Fitted Journal Bearing. 
Melvin J. Jacobson and Edward A. Saibel. 
Trans. ASLE, 2 (2) (1960) 242-247; 2 figs., 
2 tables, 8 refs.; discussion. 

An exact solution is found for the finite fitted 
journal bearing. Numerical calculations are 
carried out for an arc of 60° and an arc of 
120° for various positions of the bearing. A 
comparison is made of the load, pressure dis- 
tribution, and friction force for the finite 
bearing and the infinite bearing (no side flow). 
It is concluded that in general the neglect of 
side flow yields a solution that may be in 
great error. 

See also Wear, 4 (1961) 41. 


The Effect of Shaft Rotation on Bearing 
Temperatures. 

Arthur H. Burr. Trans. ASLE, 2 (2) (1960) 
235-241; Io figs., 1 table, 14 refs. 

Heat transfer data from recent studies of 
rotating cylinders are utilized in the heat 
balance method of predicting oil film temper- 
atures for shaft and plain bearing combi- 
nations. Good agreement is obtained between 
calculated temperatures and experimental 
values. It is shown that the heat which is 
dissipated from a rotating shaft may be much 
greater than that from astationary shaft and 
from the bearing housings, and it may be 
the major path for heat dissipation in certain 
cases. 


New Concepts and Charts Simplify Journal- 
Bearing Design. 

G.S. A. Shawki. Prod. Eng., 31 (1960) 31-36. 
Although there is still no precise method for 
designing a simple journal bearing, this study 
combines theory with test results to produce 


Ministry of Aviation (Gt. Brit.) MOA S & T 
Memo 18/60, June 1960, 12 pp. 

(Final report of the first stage of the investi- 
gation.) Results on the stretch forming of 
stainless steels DT D166B, FV520, and FV 448 
and titanium alloy 318A using ice as a lubri- 
cant are given. The theory of stretch forming 
and a description of the equipment used are 
also included. 


ParRTS 


a new procedure and design chart that gives 
greater accuracy than methods now in use. 


4.2 Gears 


Spur Gears—Hertzian Contact Times. 

E. K. Gatcombe, R. P. Hunnicutt and G. F. 
Kinney. Lubrication Eng., 16 (1960) 308-311. 
The definition of contact time is based on the 
half-width of a band of contact. Of special 
interest are: first point of contact, first point 
where a single pair of teeth take all the load, 
pitch point, point where more than one pair 
again share the load, and the last point of 
contact. Expressions are developed for 
contact ratio, Hertzian contact stress, and 
Hertzian contact time for all five phases ot 
contact. These relations apply directly to 
gear teeth with involute profiles, without con- 
sideration for deformation due to lubricant 
action. 


Analytical Study of Surface Loading and 
Sliding Velocity of Automotive Hypoid 
Gears. 

D.L. Powell and H. R. Barton. Trans. ASLE, 
2 (2) (1960) 173-183; 13 figs., 8 tables, 5 refs. 
An experimental and analytical study has 
been undertaken to determine the lubrication 
environment of automotive hypoid gears 
under severe dynamic operating conditions. 
Results of an experimental investigation of 
gear loading and an analytical study of gear 
sliding under laboratory and field operating 
conditions in both automobiles and trucks are 
presented. The sliding relationships of four 
representative gears are discussed and the 
effects of changes in pinion offset and gear 
ratio on sliding velocity are studied. Increases 
in pinion offset and gear ratio both tend to 
increase the sliding velocity of hypoid gears. 


5. WEAR AND WEAR RESISTANCE 


5.1 Materials 


Ultrahigh Pressure Technology. 

C. M. Schwartz. Chem. Eng. Progy., 56 (1960) 
71-76. 

Synthesis of new materials having unique 
properties and the opportunity to explore 
geochemical and geophysical processes are 
becoming feasible with the rapid laboratory 


development of high pressures and temper- 
atures. Pressure, as another degree of freedom, 
may be capable of producing new phases that 
do not undergo phase transitions at high 
temperatures. Development of improved high 
pressure and temperature apparatus means 
that geochemical processes and chemical syn- 
thesis are now open to exploration. 
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Refractory Materials. Il. High-Temperature 
Behavior. 

R. I. Jaffee and D. J. Maykuth. Aevo/Space 
Eng., 19 (1960) 39-44. 

Part I discussed the general technology of 
refractory materials, their stability. Part II 
discusses their mechanical behavior at ele- 
vated temperatures and the physical proper- 
ties important in controlling thermal stresses 
developed in structural applications. Future 
trends for these materials are also suggested. 


Molybdenum Metal. 

Climax Molybdenum Co., New York, 1960, 
110 pp. 

This metals’ high m.p., low specific heat, ex- 
cellent thermo-shock resistance, good electri- 
cal conductivity, and high corrosion resistance 
to specific media, make it attractive from 
many engineering aspects. Revised infor- 
mation is given on arc-casting and powder 
metallurgical processes, together with up-to- 
date data on commercially available forms, 
physical and mechanical properties. 


5.2 Wear 


Stick-Slip,What It Is - What to Do About It. 
H. Conn. Tool Engineer, 45 (1960) 61-65. 

The detrimental effects of stick-slip per- 
sistently plague mechanical designers. Pre- 
sents an analysis of how and where stick-slip 
occurs and gives design approaches to take 
to minimize or eliminate it in machine tools. 


The Effect of Lubricants on Gear Tooth 
Scuffing. 

P. M. Ku and B. B. Baber. Tvans. ASLE, 2 
(2) (1960) 184-194; 11 figs., 5 tables, 18 refs. ; 
discussion. 

Scuffing is defined as any form of scoring or 
abrasion of the tooth surface due to metal-to- 
metal contact. The scuff-limited load is de- 
fined as the tooth at which an arbitrary 
amount of the working tooth area is scuffed. 
The factors considered include lubricant bulk 
viscosity, lubricant type and deterioration, 
test gear and test machine variables, gear 
speed, the location and rate of lubricant sup- 
ply, lubricant supply temperature, and the 
presence of inert gas atmospheres. 


Wear of Aluminum-Magnesium-Zinc Alloys 
in the Flow of Abrasive Particles at High 
Temperatures. 


V.N. Kashcheev. Jzvest. Vysshikh Ucheb. 
Zavedenii, Fiz., (1) (1960) 38-45. 

The abrasive wear in a current of moving 
corundum particles of Al-Mg and Al—Zn 
alloys was studied in an air medium at dif- 
ferent temperatures between 20 and 400°C. 
Deformation of the alloys, depending upon 
the presence of atoms of the alloying element 
at low temperatures, caused an increase in 
wear resistance. At high temperatures, wear 
increases usually in proportion to the amount 
of alloying element in the alloys. 


An Experimental Study of Fretting and 
Galling in Dental Couplings. 

F. Everett Reed and John F. Batter. Tvans. 
ASLE, 2 (2) (1960) 159-172; 19 figs., 1 table, 
2 refs. 

Specimens of materials used in dental coup- 
lings were tested in a simplified wear test 
machine which duplicated as closely as pos- 
sible the actual wear conditions existing in 
operating couplings. The wear patterns that 
were obtained by tests of short duration on 
this machine duplicated those found in 
service. The results of tests covering the vari- 
ables, load, speed, duration, amplitude of 
reciprocating motion, surface finish and hard- 
ness are presented, together with brief dis- 
cussions of the effects of these variables. 


Endurance Tests of Rolling Contact Bearings 
of Conventional and High Temperature 
Steels under Conditions Simulating Aircraft 
Gas Turbine Applications. 

H. O. Walp and others, SKF Industries, Inc. 
for Wright Air Development Center, U.S. Air 
Force, July 1959, 78 pp-; 12 graphs, 51 photos 
and drawings. (Order PB 161672 from OTS, 
U.S. Department of Commerce, Washington 
2.55, .G.. -bu2.25) 

Endurance tests at two temperature levels at 
normal and high speeds showed that the 
fatigue life of ball bearings of high temper- 
ature steels was increased by vacuum melting. 
Tests of high speed bearings, similar except 
for diameter variations, showed no correlation 
between individual bearing life and minor 
dimensional variations. Descriptions are 
given of simple specimen testing which was 
designed and operated to determine fatigue 
properties of materials without using com- 
plete bearings. 


6. ANALYSIS AND TESTING 


Use of Radioactive Iodine Vapor for Deter- 
mining Surface Roughness. 
M. K. Testerman (U.S. Air Force, Wright Air 


Development Division). WADD Technical 


Rept. 59-659, Dec. 1959, 42 PP- 
Several relative roughness factors of Au, brass, 


and Al surfaces, exhibiting varying degrees 
of surface roughness, have been determined 
by utilizing 1°11 vapor as an adsorbate. Pol- 
ished Au foil processing a high degree of 
purity, was used as a reference surface. A 
roughness factor of one was chosen arbitrarily 
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for this reference surface, and all roughness 
factors contained herein are relative to this 
value. Figures and illustration describing the 
experimental equipment are given. 


High-Temperature Evaluation Procedures for 
Lubricants. I. Design Development and In- 
strumentation of a 1000°F Oxidation Cor- 
rosion Bath and 400°F and 700°F Viscosity 
Baths. 

V. A. Lauer and D. C. Trop (Materials Lab- 
oratory, Wright Air Development Center, 
U.S. Air Force), Aug. 1959, 23 pp. (Order PB 
161506 from OTS, U.S. Department of Com- 
merce, Washington 25, C.D., 75 cents.) 

An aluminum block bath for use in oxidation 
corrosion tests at temperatures up to 1000°F 
is described. The report also reviews two high 


temperature viscosity baths capable of main- 
taining temperatures of 400 and 700°F re- 
spectively. All three baths are designed to 
develop lubricants and hydraulic fluids for 
high temperature service. 


Frictionand Wear at Elevated Temperatures. 
E. Rabinowicz (U.S. Air Force, Wright Air 
Development Division) WADD Technical 
Rept. 59-603, Jan. 1960, 21 pp. 

A new high-temperature friction apparatus 
was constructed which allows sliding experi- 
ments to be carried out at temperatures to 
2000°F, in controlled atmospheres, and at 
speeds varying over a wide range Tests were 
run on this machine and on an older machine. 
Discusses these and other results theoretically. 


7. SURFACE TREATMENT AND FINISHING 


Adherence of Thick Chromium Deposits as 
Affected by Surface Preparation. 

J. G. Poor, H. Chessin and C. L. Alderuccio. 
Plating, 47 (1960) 811-813. 
Photomicrographs show that honing, usually 
considered a relatively mild machining oper- 
ation, can cause extensive damage to metal 
surfaces. Machining, grinding, even polishing, 
can also cause sufficient damage to metal sur- 
faces to affect the bond strength of electro- 
deposits on these surfaces. Where electro- 
deposits are liable to severe stresses in service, 


8. MACHINING AND 


An Investigation into Electrode Materials for 
Electrospark Machining 

R. S. Bennett. 

Includes App.: The Properties of Metallic 
Fibre Electrodes. 

M. G. Sneath and R. L. Sands. Ministry of 
Aviation (Gt. Brit.) MOA S & T Memo 14/60, 
May 1960, 7 pp. and illus. 

Report tabulates all the new data in the form 


it is especially important to remove these 
weakened surfaces before plating. 


The Deposition of Titanium Carbide on Steel 
Surfaces. 

W. Ruppert. Metalloberfldche, 14 (1960) 193— 
198. 

Describes the deposition of pure TiC by the 
reaction of gaseous TiCly with volatile hydro- 
carbons on steel and cast iron. Discusses some 
principles of these reactions and the deposi- 
tion results. Cites the composition of a series 
of steels suitable for the plating with TiC. 


Toot WEAR 


of revised tables and graphs so that a com- 
prehensive picture of the relative cutting rate 
of the different electrode materials may be 
obtained, and conclusions drawn. Tables for 
15 workpiece elements and 17 electrode ele- 
ments are given. The 17 electrode elements 
are Ag, Al, C, Cd, Co, Cu, Fe Mo, Mg, Nb, 
Ni, sn, Ta, Ti, W, Zn, and Pb. 
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Recent Events 


ss LT 


BOND VOOR MATERIALENKENNIS 


MEETING OF LUBRICATION AND LUBRICANTS SECTION 


Utrecht 
November 9, 1960 


Properties and Application of some Synthetic and Emulsion Lubricants 
B. FowLer (Esso Research Lab., Abingdon, England) 


Synthetic aviation turbine lubricants 


Brief history of the development of synthetic lubricants to meet the requirements of the aviation 


gas turbine engine. 
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RECENT AND FORTHCOMING EVENTS eRe 


The laboratory evaluation and performance of synthetic oil in service were discussed in detail. 
Lubrication requirements for supersonic aircraft were briefly mentioned. 
J. WHITTLE (Shell Research Ltd., Thornton Research Centre, England) 


The lubrication of automotive worm gears 
Detailed experimental study to be published in Proc. Inst. Mech. Engrs. (London). 


A. D. SHELLARD (Shell Int. Petroleum Co., London, England) and D. R. Jounson (Midlands 
Silicones Ltd., Barry, Glamorgan, England) 
Manufacture, testing and applications of silicone-based lubricants 
Survey of friction properties. 
M. J. VAN DER ZIJDEN (Koninkl./Shell Lab., Amsterdam) 


Emulsion lubricants 
Review covering well known field with special reference to application in diesel engines. 
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Forthcoming Events 


essa. === 


ASLE/ASME LUBRICATION CONFERENCE 


Chicago, Ill. 
October 17-19, 1961 


A session ‘“‘Friction and Wear’’ will be organized at this meeting. 


For detailed information write to the member of Planning Committee: 


M. B. Peterson 
Bearing and Lubricant Center, 
General Electric Co., Schenectady, N.Y. 
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Notes on Contributors 
ee 


D. F. Denny: (for biographical note see Wear, 2 (1958/59) 328); is now with Platt Precision 


Hydraulics Ltd., Craven Edge Works, Halifax, England. 
[See p. 64] 


J. Hatiine: born in Wakefield, England; received his technical education in mechanical engineer- 
ing at the Imperial College of Science and Technology, London University; after two years on the 
staff of the Royal Military College of Science was awarded a Clayton Fellowship at Imperial 
College (1950) to carry out research on rolling resistance. Since 1952 has been a lecturer in mechani- 
cal engineering at Liverpool University; author of a number of papers in the fields of rolling 


resistance and plasticity. [See p. 22] 
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Q2 NOTES ON CONTRIBUTORS 


JuLran F. Jounson: born in Baxter Springs, Kansas; has a B.A. degree from the College of 
Wooster and a Ph.D. degree in physical chemistry from Brown University. He is a group super- 
visor for California Research Corporation, Richmond, Calif., where he works in the Analytical 
and Physical Measurements Section; has research experience in gas chromatography, rheology, 
ultracentrifugation, light scattering, and other areas of physical chemistry. 

[See p. 32] 


F. A. Lyman: born in Syracuse, New York; received degree of B.Mech.Eng. from Syracuse Uni- 
versity in 1955 and M.Mech.Eng. from the same institution in 1957; is at present employed as 
a graduate assistantin the Mechanical Department at Rensselaer Polytechnic Institute, Troy, 
N.Y., while conducting research for a Ph.D. thesis under the direction of Dr. E. A. SAIBEL. 
[See p. 41] 


I. O. MacConocute: assistant professor in the Department of Mechanical Engineering at the 
University of South Carolina; obtained the degree of Bachelor of Mechanical Engineering at the 
University of Virginia in 1950; D.I.C. University of London 1958. 

[See p. ro] 


WatteR H. Newman, Jr.: B. S. in Mechanical Engineering from University of South Carolina, 
1959; student assistant in the lubrication group. 
[See p. Io] 


J. F. OstERLE: (for biographical note see Wear, © (1957/58) 530). [See p. 56] 


RoGER S. PorTER: born in Windom, Minnesota; has a B.S. degree in chemistry from University 
College of Los Angeles and a Ph.D. degree in chemistry from the University of Washington, where 
he studied the reactions and thermal properties of fluorinated compounds. He is now a research 
chemist for California Research Corporation, Richmond, Calif., where he works on analytical and 
thermodynamic problems; gas chromatography and rheology are his major fields of research. 


[See p. 32] 
E. A. SaIBEL: (for biographical note see Wear, r (1957/58) 164). [See p. 41] 


A. P. SEMENOov: born in Siberia, U.S.S.R.; graduated from the Institute of Aviation Technology, 
Moscow, U.S.S.R., in 1945, and was awarded the degree of Candidate in Technical Sciences in 1952; 
since 1950 has been engaged mainly in research on seizure of metals at the Laboratory of Wear 
Research of the Institute of Machine Study, Academy of Sciences of the U.S.S.R., where he is 
now senior scientific officer. In 1958-59 he was engaged in research at the City and Guilds College, 
London, (exchange of Russian and English scientists). Is the author of two books: Investigation 
on Seizure of Metals during Mutual Plastic Deformation, 1953; and The Seizure of Metals, 1958. 
[See p. 1] 


R. RHOADS STEPHENSON: born in Chicago, Ill.; is studying mechanical engineering at Carnegie 
Institute of Technology, Pittsburgh, Pa., having received his B.S. in 1958 and M.S. in 1959; is 
at present working toward his Ph.D. degree; his principal interests are in the fields of applied 
mechanics and fluid dynamics. 


[See p. 56] 
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CONTACT STRESS AND LOAD AS PARAMETERS 
IN METALLIC WEAR* 


A. DORINSON anv V. E. BROMAN 
Sinclaiy Research Laboratories, Inc., Harvey, Ill. (U.S.A.) 


(Received November, 7, 1960; accepted January I1, 1961) 


SUMMARY 


The course of metallic wear in the presence of white oil was investigated over a range of applied 
loads at two stress levels, 10,898 kg/cm? and 4922 kg/cm?. The wear process was found to be 
multistage in nature, showing first a more or less abrupt rise, then a levelling-off and finally 
transition to accelerated wear. At equivalent stages in the wear process the depth-rate of wear 
was found to depend on the nominal contact stress rather than on the load. This can be explained 
by a model in which the deformation of asperities is related to their depth distribution, which 
governs the average depth to which the contacting specimens are abraded. The volume wear 
data of ARCHARD are shown to be consistent with this model when the geometry of the specimen 
pieces is taken into account. 


ZUSAMMENFASSUNG 


Der Vorgang des Metallverschleisses mit Weissél als Schmiermittel wurde bei 10,898 kg/cm? 
und bei 4922 kg/cm? unter verschiedenen Belastungen untersucht. Der Verschleiss verlief in 
Stufen, zuerst mit einer ziemlich plétzlichen Steigung der Verschleissgrésse, dann mit einem 
Abfall und endlich mit einer Zunahme der Verschleissgeschwindigkeit. Bei Aquivalenten Stufen des 
Verschleissvorganges hing die Verschleissgeschwindigkeit, als Tiefe des Fressens vorgestellt, 
nicht von der Belastung sondern von dem Druck auf die scheinbare Kontaktflache ab. Dies lasst 
sich durch ein Modell erklaren, worin die Deformierung der Spitzen, die durch die Oberflachen- 
rauheit bedingt sind, mit ihrer Tiefenverteilung verbunden ist, wodurch die Tiefe des Fressens der 
Priifstiicke bestimmt wird. Den Volumenverschleiss nach J. F. ARCHARD kann man in Uber- 
einstimmung mit diesem Modell bringen, wenn man die Geometrie der Verschleiss-proben 
beriicksichtigt. 


INTRODUCTION 


Among the quantitative theories of metallic wear, three of the most widely cited 
are those by Horm!, by BURWELL AND STRANG?, and by ARCHARD3, All three of 
these theories predict that the volume of metal worn away will be a linear function 
of rubbing distance at constant rubbing speed (i.e., a linear function of time) and 
that the volume-rate of wear will be proportional to the applied load. All three of 
these theories rest on the postulate that the amount of wear depends on the duration 
of true contact between elements in the one surface and elements in the other. 
Previous studies by the authors of this communication have shown that the stress 
on the apparent area of contact rather than the load applied governs wear in the 
extreme-pressure domain**®. The time-dependent progress of wear was found to be 
of a multistage nature, and only certain portions of the wear curve are consistent 


* This paper is the third in a series entitled “Rxtreme-Pressure Lubrication and Wear”’. 
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with a constant volume-rate course. However, failure to maintain the contact stress 
as wear progressed and the absence of systematic data over a range of applied loads 
could be considered as constituting a drawback in the experimental procedure. It 
was therefore considered desirable to repeat some of the work with more stringent 
attention to these critical details. 

The work reported in this communication gives the results of wear studies at 
10,898 kg/cm? and at 4922 kg/cm? under conditions where the contact stress was 
maintained substantially constant during the course of an experiment. At each stress 
level, initial loads over a 3.5-fold range were systematically investigated. The course 
of wear, as observed in the present work, was found to be of the same multistage 
nature observed in the authors’ previous work‘.®, and the influence of contact 
stress rather than applied load in controlling the extent of wear was confirmed. 


EXPERIMENTAL TECHNIQUE 


Basically, the apparatus employed consisted of a cylindrical rider terminating in a 
120° truncated cone, which slid on the flat surface of a rotating disk. A schematic 
diagram is shown in Fig. 1. The apparatus was sturdily constructed; in particular, 


LI 
\--FORCE GAGE 


i —LUBRICANT 
PIN HOLDER So rh og 


p=-LUBRICANT 
DRAIN 


TO VARIABLE SPEED MOTOR 


Fig. 1. Schematic diagram of pin and disk wear apparatus. 


the holder for the rider was mounted in a rigid, carefully-aligned set of guides, and 
the rider fitted snugly and accurately into its holder, so that it could be removed and 
replaced for measurement of the wear scar without introducing any serious manipula- 
tive errors into the data. Wear was monitored by measuring the diameter of the 
truncated area with a filar-head microscope sensitive to 5.08-10-5 cm. A discussion 
on the use of this apparatus and the validity of the data obtained with it can be 
found in one of the earlier papers by the authors‘. 

The specimen pieces were made of plain carbon steel (AISI 1045, 0.45% C), 
through-hardened to 50 Rockwell C (ca. 481 Brinell hardness number). The flat 
surfaces of the disks were dry-ground to an average surface roughness of 10-5 cm. 
The specimen pieces were thoroughly rinsed with benzene and hexane before use. 

The experiments reported here were carried out with white oil (viscosity 18.14 
centistokes at 37.8°C) as the lubricant. The white oil was purified by percolation 
through silica gel until infra-red spectroscopy showed the absence of oxygenated 
compounds. Rubbing speed was 30.48 m/min. 

The experimental procedure was as follows. First an initial flat area was worn on 
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the end of the rider at a speed of 30.48 m/min under moderate load (800-1000 g). 
The dimensions of this area were ascertained by measurement and the load appropriate 
to the desired contact stress was placed on the loading spindle of the apparatus. The wear 
experiment proper was started on a fresh track on the disk. The rider was removed 
from its holder periodically for measurement of the dimensions of the wear scar on 
its end. After each measurement the load on the spindle was increased enough to 
restore the contact stress to its initial value. The rider slid on the same track through- 
out the duration of the experiment. Therefore this procedure is designated as the 
adjusted-load, single-track procedure, to distinguish it from the constant-load, 
single-track procedure employed by the authors in their previous experimentation*®. 


EXPERIMENTAL RESULTS 


Fig. 2 shows the time-dependent course of wear, as radius of the wear scar on the 
end of the rider, for six experiments at 10,898 kg/cm? with initial loads varying 
from 1793 to 6548 g. Fig. 3 shows the course of wear for nine experiments at 4922 


a Sag Sale eal ew ee 
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NET RADIUS, 10° cm 
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Fig. 2. Course of wear at 10,898 kg/cm? under the loads listed in Table I. There is no systematic 
relation between the magnitude of the load and the location of the wear curve. 
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Fig. 3. Course of wear at 4922 kg/cm? under the loads listed in Table I. There is no systematic 
relation between the magnitude of the load and the location of the wear curve. 
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kg/cm2 with initial loads varying from 1780 to 6069 g. Table I shows in detail the 
initial and final loads used in each experiment. Each time a measurement was made 
to obtain a datum point, the load was changed to restore the contact stress to Its 


starting value. 


TABLE I 


APPLIED LOADS FOR INDIVIDUAL WEAR EXPERIMENTS 
~ 


10,898 kg/cm? 4922 kg/cm* 


fwiiial load (zg)  Finalload(g) Initial load (g) Final load (g) 


1793 3339 1780 1896 
1847 3941 1793 1993 
3504 5923 1861 24248 
3508 5950 1966 24408 
6522 9337 3495 3669 
6548 9033 3670 4073 

4530 5499" 

5983 6225 


6069 6249 


a The duration of these experiments was 22 minutes; all others, 10 minutes. 


As is clearly demonstrated by Fig. 2, wear under these conditions follows a complex 
course. First there is an abrupt increase in the radius of the wear scar, but the wear 
rate quickly decreases so that the wear curve exhibits a plateau-like shoulder; then 
there is a smooth transition to a state of accelerated wear which is characterized by 
a slowly decreasing rate. Although the individual curves do not coincide by any 
means, there is no systematic dependence between their relative location and the 
applied load. Table II gives some detailed data from experiments at 10,898 kg/cm? 
in support of this. For each time interval the table gives the load required to produce 
a contact stress of 10,898 kg/cm? at the beginning of the interval, the radius of the 
wear scar at the end of the interval and the contact stress at the end of the interval. 
The radius of the original truncated area on the end of the rider is listed at zero time. 

The course of wear at 4922 kg/cm? follows the same general pattern observed at 
10,898 kg/cm?. Those experiments at the lower stress level which were carried well 
into the post-transitional region showed a trend toward a constant wear rate for 
the final portion of the wear curve, in contrast to a decreasing rate for the final phase 
at the higher stress level. At 4922 kg/cm? contact stress there is also no systematic 
dependence of the location of the wear curve on the magnitude of the applied load. 
Table III gives data for three individual experiments which include the post-tran- 
sitional region. 

Fig. 4 shows a comparison of the averaged wear curves for the two stresses studied. 
The ranges over which the data from individual experiments vary are indicated in 
the figure. It is readily apparent that the two averaged curves may be validly 
distinguished from each other. At the higher stress level the plateau-like shoulder 
is situated at a higher wear level (42-56:10-5 cm as against 18-25-10-5 cm) and its 
duration is shorter (1.75 min as against 4.5 min) than at the lower stress level. The 
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TABLE II 


DETAILED WEAR DATA AT 10,808 kg/cm? 


Time (sec) Load (g) Radius (10-8 cm) Final stress 


(kg/cm) 
fo) ea 7-36 = 
Ao) 1847 7.04 10,100 
40 1995 TST 10,700 
60 2037 7.75 10,800 
go 2051 7.78 10,800 
120 2053 7.78 10,800 
150 2005 7.83 10,750 
180 2092 8.04 10,350 
210 2203 8.37 10,050 
240 2382 8.75 9,900 
360 2614 9.89 8,500 
480 3341 10.70 9,300 
600 3941 11.40 9,600 
° == 10.12 — 
20 3504 10.49 10,100 
40 3776 10.58 10,800 
60 3813 10.62 10,750 
go 38607 10.70 10,750 
120 39022 10.76 10,800 
150 3959 10.91 10,550 
180 4080 11.13 10,500 
210 4244 11.35 10,500 
240 4401 11.61 10,300 
360 4032 12.50 9,400 
480 5365 13.13 9,850 
600 5923 13.68 10,050 
(o) o- 13.84 — 
20 6548 14.12 10,500 
40 6816 14.18 10,800 
60 6927 14.30 10,800 
go 7039 14.35 10,850 
120 7063 14.39 10,898 
150 7076 14.41 10,898 
180 7088 14.44 10,850 
210 7138 14.50 10,800 
240 7239 14.70 10,700 
360 7405 15.50 9,850 
480 8205 16.25 10,100 


600 9033 16.78 10,300 


post-transitional limb of the wear curve ascends more steeply for the higher stress 
level than for the lower. 

Fig. 5 shows the time-dependent course of wear at 10,898 kg/cm? in terms of the 
net wear volume. The structural features characteristic of wear expressed as radius 
of the wear scar are not altered by expressing wear as volume. However, a dependence 
on the applied load, especially in the post-transitional phase, does appear when 


wear is expressed as volume. Later in this communication it will be demonstrated 


that this is a consequence of the gross geometry of the rider rather than of the 
fundamental relation between wear volume and the mechanism of wear. 
Some of the experiments which comprised this study have been excluded from 
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TABLE III 


DETAILED WEAR DATA AT 4922 kg/cm? 


Final stress 


Time (sec) Load (g) Radius (10~* cm) (kg/cm?) 
fo) — 10.98 —_— 
20 1861 11.13 4,780 
40 1918 11.18 4,890 
~ 60 1931 LEZ 4,870 
go 1949 11.25 4,900 
120 1953 El27, 4,900 
150 1962 Pi27 4,922 
180 1962 LE27 4,922 
210 1962 Li27 4,922 
240 1962 11.30 4,900 
360 1966 11.33 4,870 
480 1984 11.39 4,860 
600 2007 11.61 4,740 
840 2083 12.02 4,570 
1080 2236 12.51 4,570 
1320 2424 12.90 4,610 
fo) — Li27 -- 
20 1966 11.36 4,850 
40 1993 11.38 4,900 
60 2002 11.40 4,900 
go 2006 11.40 4,900 
120 2011 11.42 4,900 
150 2015 11.42 4,920 
180 2020 T1.42 4,922 
210 2020 I1.42 4,922 
240 2020 11.42 4,922 
360 2020 O47 4,890 
480 2033 11.60 4,810 
600 2078 11.78 4,760 
840 2148 12.17 4,610 
1080 2289 12.66 4,560 
1320 2440 13.04 4,610 
° = 17.09 — 
20 4531 17.18 4,870 
40 4572 17.20 4,890 
60 4592 17222 4,900 
90 4599 7.22 4,922 
120 4599 17.22 4,922 
150 4599 7222: 4,922 
180 4599 ub ae) 4,922 
210 4599 17.22 4,922 
240 4599 17.30 4,890 
360 4019 17.32 4,900 
480 4033 17.50 4,800 
600 4742 17.71 4,800 
840 4853 18.32 4,580 
1080 5207 18.85 4,050 
1320 5499 19.29 4,690 


the presentation of the results because of non-characteristic behavior. Thus, among 
nine experiments at 10,898 kg/cm2, the results of three were discarded because of 
erratic behavior in critical regions of the wear curve or because of overall systematic 
deviation from the characteristic course of wear. The authors have previously 
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Fig. 4. Average course of wear at 10,898 kg/cm? and at 4922 kg/cm?. The vertical lines indicate 
the extreme deviation of the data shown in Figs. 2 and 3. 
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Fig. 5. Wear at 10,898 kg/cm? under various loads in terms of net volume worn from the rider. 


discussed4 how manipulative uncertainties, in particular replacement of the rider 
after each measurement, might be manifest as random deviations and how variations 
in the specimen pieces, such as differences in hardness or grain structure, might be 
manifest as systematic deviations. It is noteworthy that the averaged wear curve for 
10,898 kg/cm? with the three discarded sets of data included does not differ in general 
appearance from the curve shown in Fig. 4 and is only slightly displaced in location. 
No experiment was excluded from consideration here unless it was significantly 
variant from the preponderant behavior of the set. 


DISCUSSION 


In a previous communication4, the authors have presented a qualitative explanation 
for the multistage character of the time-dependent wear curves. The initial rise in 
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the extent of wear and the appearance of the plateau-like shoulder in the wear 
curve were associated with the deposition of primary wear particles from the rider 
onto the surface of the rotating disk. The transition from the plateau-like phase to 
accelerated wear was associated with agglomeration of these primary wear particles. 
It may be noted here that ARCHARD AND Hirst’s$ study of the rubbing of hardened 
steel on hardened steel reveals the complexity of the wear process and the changes 
that the wear particles undergo. Recent work by SaTa?, comparing the rubbing of 
copper on a freshly cut steel surface with the re-iterated rubbing of copper on steel, 
is in accord with the present authors’ views on the genesis of the plateau-like regions 
in their wear curves. 

The desire to portray wear as a phenomenon with a constant rate, taken in con- 
junction with the difficulty of obtaining consistent wear data, sometimes leads the 
investigator into regarding the deviation of data from linearity as experimental scat- 
ter when it well might represent a systematic trend. Fig. 6, constructed from data by 
BURWELL AND STRANGS, shows an instance where there is as much justification for 
drawing a multistage wear curve as for drawing a straight line. A similar instance can 
be found in the work of KERRIDGE®, where his experimental points could validly be 
represented by a multistage curve instead of a straight line. 
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Fig. 6. Multistage course of wear deduced from data by BURWELL AND STRANG8. 


The average wear curves shown in Fig. 4 may be treated by the chord-area tech- 
nique* to obtain the corresponding rates of wear during the course of wear. This 
is depicted in Fig. 7. The initial rise, the levelling-off and the transition for each 
curve in Fig. 4 are readily recognizable from the course of the corresponding rate 
curve in Fig. 7. It is easy, therefore, to locate equivalent stages in the course of wear 
on each of the rate curves in Fig. 7 and to show that the rate of wear, expressed as 
increase of radius per unit time, is greater at the higher stress than at the lower. 


ay, this technique one can evaluate the derivative dy/dy of a function y = f(*) which has no 
analytical expression. The ratios Ay/A¥x are plotted as horizontal lines for chosen increments of H. 
Chords are drawn intersecting the lines representing Ay/Ax so that the area on one side of the in- 
tersection is equal to the area on the other side. The best smooth curve through the points of in- 
tersection gives a plot of dy/dx as a function of x. 
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Fig. 7 demonstrates quite clearly what may not readily have been apparent by 
inspection of Figs. 2 and 3, namely that the terminal phase of the wear curve for 
4922 kg/cm? has a large segment where the wear rate is substantially constant, 
whereas the terminal phase for 10,898 kg/cm? is one with a distinctly decreasing rate. 
Since the two curves of Fig. 4 were shown not to depend on the magnitude of the 
load, it follows that the curves of Fig. 7 do not depend on load; i.e., the radius-rate 
of wear depends on stress, not on load. 
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Fig. 7. Rates of wear at 10,898 kg/cm? and 4922 kg/cm? obtained from Fig. 4 by a chord-area 
treatment. 


At first glance there seems to be a discrepancy between the load-independence of 
the radius-rate of wear and the curves of Fig. 5, where the post-transitional volume- 
rate of wear obviously increases with load. But it must be remembered that a larger 
load for a given stress means a larger bearing area, 7.e. a larger radius. The volume 
worn from a truncated cone in a given time interval is 


1 
V = —cot 6 (ry? — 703) (1) 
3) 


where 7o is the radius at the beginning of the time interval and @ is the half-angle of 
the cone. The volume-rate of wear is given by 

Bien, BOE reas (2) 

t dé 

From eqn. (2) it is apparent that the radius-rate of wear, dv/dt, can be constant, 
while the volume-rate of wear, dV /dt, will depend on the radius, which, for constant 
contact stress, will determine the load that must be applied. Fig. 8 shows wear in 
terms of volume for some selected loads at the two stress levels. The wear curves for 
1861 g initial load at 4922 kg/cm? and 1847 g initial load at 10,898 kg/cm? are com- 
parable directly and leave no doubt as to the influence of stress on the course of 
wear. The comparison between 4530 g initial load at 4922 kg/cm? and 3504 g initial 
load at 10,898 kg/cm? is not so obvious, but even though the applied load at the 
lower stress is 1.29 times that at the higher stress, the post-transitional volume-rate 
of wear at the lower stress is only 0.76 times that at the higher stress. 
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The question arises, is it possible to find a plausible model for the wear process 
consistent with a stress-governed rate of wear? The models proposed by Horm}, by 
BURWELL AND STRANG2, and by ARCHARD? do not predict a stress-governed wear 
rate, for fundamentally they rest on the postulate that the rate of wear is governed by 
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Fig. 8. Effect of stress on volume wear under various loads. 


the real area of contact. For pure plastic deformation (elastic effects absent), this 
area is given by 
W 


A =— 
Pm 


(3) 
where W is the load and #» is the yield pressure of the metal. For a given load, 
then, the real area of contact will be constant, no matter what apparent area the 
load is distributed over. Therefore, some other influence must be responsible for the 
dependence of rate of wear on contact stress. 

Let us consider a model surface similar to that employed by ARCHARD? in his — 
analysis, with asperities distributed over the apparent area of contact and in depth 
(Fig. 9). For simplicity let us assume that the asperities are conical. Let us examine 


Fig. 9. Deformation of conical asperities in a model surface by a rigid plane. Depth of fracture is 
shown by dotted lines. 
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the geometry of the intersection of these asperities by a non-deformable plane at 
some given level below the uppermost apex when the apices of the asperities are 
uniformly distributed so that there are o apices per unit of apparent area at each 
of several levels separated by a uniform vertical distance h. 

Eqn. (3) gives the mechanical conditions for which a non-deformable plane surface 


will come to rest. For unit apparent area the true area of contact as shown in Fig. 9 
will be 


A = 26 (017 + @2? +... + On?) (4) 


where 01, 02... @n are the depth-dependent radii of the true contact areas at the 
asperities. At any particular level for a particular asperity 


01 = nih tang (5) 


where 7; is the index which denotes how many levels below the apex the plane of 
intersection is located and ¢ is the half-angle of the cone. Eqn. (4) then becomes 


Al—aghOy2 tan2d (1+4+...4+ 7?) (6) 


where x is the index of the level at which the plane surface comes to rest. 

It is obvious that when the apparent area carrying the load W is decreased, 1.e. 
the contact stress is increased, the value of ~ in the series 1 + 4 +... -+ 2? must 
increase for eqn. (3) to remain valid. If this be so, then asperities situated in the upper 
levels will undergo progressively greater plastic deformation as m increases; 1.¢., 
more energy will be expended in deforming these asperities. 

Let us introduce the postulate that the strength of the adhesive junction between 
the contacting surfaces at any individual asperity depends on the energy expended 
in deforming that asperity and that the depth to which the asperity is torn as the 
moving surface is displaced laterally depends on the strength of the adhesion. Now 
let us consider the movement of the non-deformable plane surface such that the 
sites of several asperities are traversed. The fracture lines of the particles torn from 
the more extensively deformed asperities will lie the farther below the deforming 
plane surface and as the plane moves onward, these larger adhered particles will 
plow and scour those asperities which have not been torn so deeply (see Fig. 9). 
The overall result is that in a small but finite increment of time dé the surface will 
have been worn to an average depth d determined primarily by the fracture depth 
of the most extensively deformed asperities; i.e. the average depth-rate of wear will 
be d/0t. 

Let us postulate that the wear process described above has a quantitative ex- 
pression 

d = f(n) (7) 


where d increases with ». This assumption is arbitrary, but not any more so than 
ARCHARD’s assumptions about the shape and volume of the primary wear particles 
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or BURWELL AND STRANG’s lump removal hypothesis. Let us introduce the notation 
D=1+4+...+” (8) 
and let us evaluate eqn. (6) for two apparent areas, Ar and Au. 


A 


a1 = (9a) 
1 Aytoh? tan?d 
‘ A 
Dt (9b) 
Aaah? tan2d 


Let Aq be less than Az; then jr is greater than 2; and m1 must be greater than mr. 
Applying these considerations to eqn. (7), one arrives at the conclusion that the 
depth-rate of wear for a given load has a functional relationship to the inverse of 
the apparent area which bears it; 7.e. the depth-rate of wear increases as a function 
of the contact stress. 

If the load is altered but the contact stress is kept constant by simultaneously 
adjusting the apparent contact area, then on applying eqn. (3) to eqn. (ga), for 
example, we get 

W 


bee 
: At Pmaoh? tan?h 


(10a) 


Ww’ 


a1 = — 
Ay pmach? tan?d 


(10b) 


But since the contact stress is constant, W/Ar is equal to W’/Ar’, and hence 3 
equals Ly’. The depth-rate of wear at a given contact stress will therefore be indepen- 
dent of the load. 

It must be admitted that the model used for the foregoing analysis gives an 
oversimplified picture of the wear process. Factors not taken into consideration, 
such as the distribution of the depths to which individual asperities are sheared 
as a function of stress and the alteration of the microtopography of the surface 
as wear progresses, could conceivably be important quantitatively and qualitatively 
in shaping the course of wear. However, it has been shown here by the use of the 
simplified model that the predicted behavior under load of moving surfaces containing . 
asperities qualitatively is in agreement with what has been observed experimentally. 
At the same time the model retains those features of the asperity-containing surface 
upon which a large part of the modern theory of friction and wear is based. 

According to the foregoing development, it is the depth-rate of wear which is 
theoretically significant. The experimental data of this study have been presented 
in terms of either the net radius of the wear scar on the rider or the rate of radius 
enlargement. For truncated conical riders, such as were employed in this work, 
the radius-rate of wear is equal to the depth-rate multiplied by the tangent of the 
half-angle of the cone. 

It is interesting to note that BURWELL AND STRANG2, using data obtained from 
smoothed-out linear plots of wear against time for conical riders, found the depth- 
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rate of wear for two different steels to be directly proportional to the contact stress 
over the range 1000 kg/cm2-16,000 kg/cm2. Their results in the low stress region 
(below 1000 kg/cm?), expressed as volume-rate of wear vs. load for riders terminating 
in a right circular cylinder, are equivalent to depth-rate as a function of stress, and 
here too the depth-rate is proportional to stress. 

For sliding at constant speed ARCHARD’s analysis for the case of plastic defor- 
mation of asperities? predicts that the volume rate of wear will be (a) proportional 
to the applied load, (b) independent of the apparent area of contact and (c) indepen- 
dent of the model used to represent the surfaces. This is a consequence of his primary 
postulate that the summed-up volume removed from the asperities is directly 
proportional to the summed-up true area of contact for these asperities, which is 
constant for a given load. Other postulates lead to other predictions; for instance, 
ifit be postulated for a model surface containing conical asperities, such as is employed 
in the present treatment, that the volume worn away corresponds to the volume 
above the line of intersection of the non-deformable plane, then for a single asperity 
taken at random 


Vi Liidys tan? h -ni3 (11) 
3 
and for a load W applied to two apparent areas, A; and Arr 


IU s 2 F 
Vi SS 6 Ali en d (1 pig's, itneipeng (12a) 
3 


It 3 
VES EARP tan OO LO PEPE) (r2b) 
3 


It has already been demonstrated that m1 is greater than mz if Arr is less than Az, 
and it is reasonable to assume that the sum of the cubed terms will increase faster 
than the apparent area decreases. In that case Vr is greater than Vy, which is in 
disagreement with the second and third predictions of ARCHARD’s theory. 

ARCHARD’s data are not necessarily a valid demonstration that load rather than 
stress is the parameter governing the volume-rate of wear. In the appendix to 
the present communication will be found a geometrical analysis of volume wear for 
the pin and ring apparatus employed by ARcHARD. By using ARCHARD’s data! and 
applying these geometrical considerations it can be shown that changes in load 
were always associated with concomitant stress changes: the initial Hertzian stresses 
on the unworn specimens depended on the load applied, and as wear progressed 
under various applied loads for a given fixed time, the overall contact stress on the 
_wear scar depended on the load. An adequate demonstration that the volume-rate 
of wear depends on the load rather than the contact stress with the pin and ring 
apparatus would require that experimentation be carried out with rings of widely 
varying diameters so that a wide range in the ratio of contact stress to load could be 
obtained. 

Further, it can be shown from the geometrical relations set forth in the appendix 
that the linear time-dependent course of volume wear at constant load with the pin 
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and ring apparatus is related to the decrease in contact stress as wear proceeds. 
Fig. ro shows (a) wear volume as a function of width of wear scar, (b) the concomitant 
decrease in contact stress, and (c) the depth-rate of wear (magnified by a scale 
factor of 1488) computed on the assumption that volume wear is linear with time. 


° 
° 
° 


STRESS, kg / cm? 
[2] 
°o 
VOLUME, mm* 


SCAR WIDTH, mm 


Fig. 10. Wear volume, stress and depth-rate relationships for the pin and ring apparatus. 

—— The relation between volume worn away from the pin and width of wear scar; — — — — the 

stress for a 5 kg load; O the depth-rate computed from eqn. (21) for a volume-rate of 3.56 mm/min 
multiplied by a scale factor 1488. 


It is seen that the magnified depth-rate function is to all intents and purposes 
coincidental with the stress function. This may reasonably be interpreted to mean 
that wear proceeds by a stress-governed depth-rate mechanism and that the linearity 
of volume wear with time as observed with the pin and ring apparatus is a geometrical 
effect. The same concept can be utilized in connection with the results of STEIJN!1, 
who worked with an annulus rubbing on an annulus and with a truncated cone 
rubbing on a disk. These two sets of data, obtained on different devices, gave the 
same proportionality constant in ARCHARD’s equation relating the volume-rate of 
wear with the applied load and the yield pressure of the specimen material, and at 
first glance it would seem that STErJN had confirmed ARCHARD’s theory. But in the 
second part of the appendix it is shown that the stress-dependent depth-rate mecha- 
nism taken in conjunction with the geometry of the specimen pieces yields a relation 
between volume-rate of wear and applied load of the same form as ARCHARD’s! 
equation. The findings of Hirst AND LANCASTER! on the relation between volume- 
rate of wear and contact stress might also be re-examined for the influence of specimen 
geometry. 

In the foregoing discussion nothing explicit was said with respect to a lubricant of 
any kind, although the data of this investigation were all obtained in the presence of 
white oil. It becomes necessary, then, to consider the behavior of the lubricant with — 
respect to contact stress. Thick-film effects, such as reported by SrrRIPONGSE AND 
CAMERON!® for the four-ball machine, cannot apply to this particular problem 
because there is no reasonable expectation that wear will occur in the absence of 
metallic contact. Hirst AND LANCASTER! cite reasons for doubting the presence of 
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hydrodynamic lift if wear is occurring. The displacement of adsorbed films under 
pressure is a logical possibility that must be considered. BRUCE AND THORNTON}4, 
in an investigation of the wringing together of interferometrically flat steel surfaces 
showed that the contact resistance could be decreased 70-fold by drastic cleaning. 
They also showed the existence of severe but localized contact damage if the surfaces 
were simply wrung together in the presence of a film of kerosene or vaseline. This 
latter behavior implies gross disturbance of the surface geometry, with localized 
areas of high energy input, and it cannot be interpreted as the displacement of an 
adsorbed film from a geometrically smooth surface. It is difficult to envision a 
realistic model for the displacement of an adsorbed lubricant film by pressure which 
does not at the same time involve severe plastic deformation of the underlying 
metallic asperities and exposure of naked metal. The presence of a lubricant film, 
barring chemical reaction at the true areas of contact, therefore does not change the 
essential mechanism of wear but does slow down the rate because some of the asperity 
areas which might otherwise be in true contact are now more or less covered by a 
layer of lubricant substance. The results of KERRIDGE AND LANCASTER!5 comparing 
the wear of brass, dry and in the presence of cetane, are of interest in this respect. 
The cetane-lubricated experiment takes longer and requires a heavier load to reach 
the same steady state exhibited by dry wear. 

The mode of action of a compounded oil containing a chemically active extreme- 
pressure additive is quite different. The authors have indicated the importance of 
the multistage character of extreme-pressure wear in elucidating the action of a 
compounded lubricant4. The action of extreme-pressure additives vis-a-vis the base 
oil is manifest by both alteration of the magnitude of the initial wear phase and 
modification or elimination of the post-transitional phase. An extreme-pressure 
lubricant does not merely interpose a more resistant film between the rubbing sur- 
faces. It also modifies the primary wear particles and prevents their subsequent 
agglomeration. LANCASTER!® has presented data showing the effect of cetane on 
the size distribution of transferred and detached particles in the wearing of brass 
against Stellite. The influence of contact stress on wear in the presence of an extreme- 
pressure additive involves not only the question of asperity deformation but also 
the effect of the stress-dependent interfacial temperature on the activation of the 
additive. One of the authors has made an analysis of the effect of rubbing speed on the 
action of extreme-pressure additives in metal-cutting!’, and it can be reasonably 
expected that similar considerations will apply to the effect of contact stress on 
the action of compounded lubricants in general. 


CONCLUSIONS 
1. The course of metallic wear at two stress levels in the extreme-pressure domain is 
multistage in nature, showing first a rather abrupt rise, then a levelling-off, and 


finally a transition to a state of accelerated wear. 
2. At equivalent stages in the wear process the depth-rate of wear is dependent 
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on the contact stress over the apparent contact area rather than on the magnitude 
of the load. 

3. A theoretical model for the dependence of depth-rate of wear on contact stress 
has been presented. 

4. When the geometry of the apparatus is taken into account, the volume wear 
results of ARCHARD can be made to agree with the stress-dependent model . 


~ 
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APPENDIX 
1. Pin and ring geometry tn relation to wear 


Consider the scar worn in the rider I by the ring II of radius R (Fig. 11). The 


Fig. 11. Basic geometry of the pin and ring apparatus. 


rider has a width w perpendicular to the plane of the paper. The volume worn 
away is 


or 


eg (arcsin = —* yRe— ») (15) 
The contact stress over the scar area for an applied load W is given by 
Ww 
(16) 


x 
2Rw arcsin — 
R 
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Fig. 10 shows the relation between the scar width and volume of wear in terms of 
simply, arbitrary numbers as well as the stress function for a simple, arbitrary 
value of W. 


The time rate of volume wear is given by 


dV 2042 de 
dt /R?— x2 at nee 
Since the depth of wear is 
A=R—y (18) 
the depth-rate of wear is 
dA dy 
Sa an ai (19) 
But 
dy % da 
dt yR?— x? dé oe 
From eqns. (17), (19) and (20) 
dA rt dV 


ea (21) 


Let dV /dt be 3.56 mm#/min. This is reasonably close to the rate found by ARCHARD 
for the wear of brass under a load of 5 kg. The diameter of the pin (w) used by 
ARCHARD was 0.635 cm. When the values of dA/d¢ computed from eqn. (21) by the 
substitution of simple, arbitrary numbers for x are multiplied by the scale factor 
1488, it is found that the results are practically identical with the values computed 
for the contact stress by the use of eqn. (16) at corresponding values of x. This is 
shown also in Fig. ro. 


2. The geometry of an annulus on an annulus and of a truncated cone on a disk in 
relation to wear 
(a) Annulus on annulus. Assuming that the depth-rate of wear is proportional to 
the stress on the apparent area of contact, one can write 
dz kW 


dt Tt(¥22 — 71?) 


(22) 


where z is the depth of wear, W is the applied load, and 7 and 72 are the radii of the 
annulus. The volume worn away is given by 


V = x(r22 — 2) 2 (23) 
from which it follows that 
dV : 2 dz On, 
Take = (V2 Tal dt 24 
or 
(aV/at) oe 
W 
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which is identical in substance with the equation obtained by ARCHARD. In the case 
of an annulus on an annulus this is a trivial result because the area of the annulus 
remains unaltered during the wear process, and so the stress does not change. 

(b) Truncated cone on disk. Given again that the depth-rate of wear is proportional 
to stress, the rate of radius increase for a cone with a semi-angle of 45° is 


dy RW 
~ aes ees. (26a) 
Cz Nair 
or 
dr 
mv? — = kW (26b) 
dt 
But 
dy d(ar3/3) he 
= = — 2 
dt di : 
and since zr3/3 is the volume worn away from the cone 
Se (28) 
ay , 
dt 


Thus we see that the stress-dependent depth-rate mechanism applied to the specimen 
geometry used by STEIJN!! leads to the same relation between the volume-rate 
of wear and applied load as the hypothesis of ARCHARD. Therefore the fact that 
STEIJN arrived at the same figure for ARCHARD’s k-value with two different experi- 
mental devices is not necessarily a substantiation of the correctness of ARCHARD’S 
hypothesis. 
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SUMMARY 


The wear rates of wrought iron and two mild steels have been compared under closely controlled 
unlubricated conditions and a study has been made of the effect of relative humidity on wear rate 
and debris composition. Two forms of wear loss-time curve were observed in different ranges of 
relative humidity, separated by a range in which transitional wear behaviour was observed. 
X-ray diffraction analysis of debris samples revealed marked changes in composition with change 
in relative humidity which correspond closely to the observed changes in wear loss—time character- 
istics. Quantitative analysis of samples containing only iron and ferric oxide revealed a close 
correlation between the relative proportions of these constituents and the equilibrium wear rate. 

It is suggested that for irons and mild steels the composition of wear debris as determined by 
X-ray diffraction analysis may serve as a valuable guide to the type of wear mechanism operative 
and the conditions under which debris is produced. 


ZUSAMMENFASSUNG 


Die Verschleissgeschwindigkeiten von Schweisstahl und zwei Typen von niedrig gekohlten 
Flusstahlen wurden unter genau bestimmten, ungeschmierten Bedingungen verglichen und die 
Einwirkung der relativen Feuchtigkeit auf die Verschleissgeschwindigkeit und die Zusammen- 
setzung des Verschleisstaubes wurde untersucht. Zwei Formen des zeitlichen Verlaufes der Ver- 
schleissmenge in verschiedenen Bereichen der relativen Feuchtigkeit wurden beobachtet. Diese 
waren durch einen Bereich getrennt, in dem ein Ubergangsverschleissverhalten beobachtet wurde. 
Eine Réntgenbeugungsanalyse der Verschleisstaubproben zeigte bedeutende Unterschiede in der 
Zusammensetzung je nach der relativen Feuchtigkeit. Diese Unterschiede entsprachen genau den 
Unterschieden, die in den Verschleissverlust—Zeit-Kurven beobachtet wurden. Quantitative 
Analyse von Proben, die nur Eisen und Eisenoxyde enthielten, zeigte, dass die relativen Mengen 
dieser Komponenten und die Gleichgewichtverschleissgeschwindigkeit einander genau entsprachen. 

Demnach kann fiir Schweisstahl und niedrig gekohlte Flusstahle die Zusammensetzung des 
Verschleisstaubes, wie sie sich in der Réntgenbeugungsanalyse ergibt, wertvolle Hinweise auf die 
Art des Verschleissmechanismus und die Entstehungsbedingungen des Verschleisstaubes liefern. 


INTRODUCTION 


Wrought iron of various grades was, until recently, the standard material used in the 
manufacture of components of haulage and cage-suspension gear for British collieries. 
During the past few years the mining industry has progressively replaced sets of 
wrought iron gear by sets made from mild steels recommended for the purpose 
(British Standards Institution!). Routine inspection of this new suspension gear re- 
vealed that mild steel adjusting chains at some installations had worn much more 
rapidly than similar wrought iron chains; in fact, wear was very noticeable after only 
a few days’ service. The mild steel in question contained 1.5" manganese and had been 
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recommended because of its superior impact strength and freedom from notch brit- 
tleness after exposure to strain and ageing in service. 

A programme was devised to compare the wear rates of wrought iron and two mild 
steels under closely controlled unlubricated conditions, and to study the effects of 
load and relative humidity on wear rate and debris composition. X-ray diffraction 
analysis of debris samples indicated interesting changes in debris composition with 
duration of wear and with different relative humidities. The examination of these 
changes is the main subject of this paper; the results of the wear programme, which 
demonstrate the importance of specimen geometry and point contact conditions, are 
reported elsewhere?. 

Considerable attention has been devoted recently to study of the detailed mecha- 
nism of wear. Stages in the generation of debris*»4, the formation of protective surface 
films5.6, and their alteration with change in the controlled variables®»? have been 
studied for several combination of metals, generally for hard/soft pairs of ferrous and 
non-ferrous metals. The influence of experimental variables on the composition of 
debris generated by rubbing hard/soft metal pairs under load has also been examined 
for a few cases by Dies®§ and by MAILANDER AND DitEs?, but these papers are mainly 
concerned with the influence of variables, particularly the composition and humidity 
of the surrounding medium, on the wear rate — load characteristics. 

Thus there is little published information available on the effects of relative humi- 
dity and other factors on the wear rate of mild steel pairs and composition of debris 
from such pairs. 


EXPERIMENTAL 


The practical situation which stimulated the present work essentially concerns a 
change from point-contact loading at bearing interfaces to area-contact loadings, the 
change being brought about by reciprocating rubbing. Experiments were made with 


MOVING 
a SPECIMEN 


LOAD 
Fig. 1. Schematic diagram of crossed-cylinder wear-testing assembly. 


the apparatus shown schematically in Fig. x in which two machined and polished 
cylinders are placed together under load with their axes mutually at right-angles, one 
cylinder being fixed whilst the other is rotated to and fro at 94 c/min through an arc 
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of approximately 24° about its axis. Debris lost from the interface falls down the 
sides of the stationary specimen and is collected on a polished brass tray. The speci- 
mens and the tray are enclosed in a cabinet of transparent plastic sealed from the 
ambient atmosphere; the air inside the cabinet is circulated by a high-speed fan and 
its temperature controlled at 20 + 2°C by a bi-metal strip energy regulator. The 
_ desired relative humidity is quickly established in such a small volume of atmosphere 
_ by placing trays of saturated solutions of appropriate inorganic salts, or drying agent, 
inside the cabinet and by pumping air into the cabinet through bottles containing 
either water or drying agents. An indication of relative humidity is given by a hair 
hygrometer suspended in the path of the air circulated by the fan; this type of hygro- 
meter is not very accurate nor is it sensitive to rapid changes in relative humidity, but 
where intervals of 20% relative humidity are concerned and time is allowed for 
equilibrium conditions to be reached its performance is adequate and reasonably 
reproducible. 

The materials tested in this apparatus were samples of a wrought iron of “‘special”’ 
grade, a ‘‘25/30’’ carbon steel and a 1.5°% manganese mild steel as described in British 
Standard No. 2772 (ref. 1). All three materials are extensively used for colliery 
haulage and winding equipment. Typical chemical analyses of these samples are shown 
in Table I. 


TABLE I 


CHEMICAL ANALYSES OF WEAR TEST MATERIALS 


Composition, by weight (%) 


Material ~ 
Cc Mn Si Ss P. 
Wrought iron special grade 0.023 0.03 0.15 0.025 0.21 
‘*25/30’’ Carbon mild steel 0.27 0.63 0.18 0.047 0.032 
1.5% Manganese mild steel 0.14 By 0.15 0.029 0.016 


The maximum load which could conveniently be applied to the rubbing interface 
was 40 kg, whereas in practice loads of several tons are encountered. However, the 
geometry of the rubbing samples is such that deformation at the macroscopic point 
contact is followed by wear which progressively enlarges the area of the rubbing 
interface until a low equilibrium wear rate is achieved. Despite the conclusion of 
ARCHARD AND Hirst!° that load not stress is the significant factor in wear, the exist- 
ence of wear loss—time curves of the type illustrated by Hirst AND LANCASTER®, 
commencing with a high wear rate that subsequently falls to a low value, indicates 
that this conclusion can refer only to equilibrium wear conditions. Experiments using 
a 40 kg load were therefore expected to provide a reliable comparison of the wear—time 
characteristics of the selected materials which could be applied to their behaviour in 
service, The wear rate of pairs of specimens was determined at this load for values of 
approximately 5, 20, 40, 60, 80, and 100% relative humidity; the value 0% was 
difficult to achieve. 
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Wear loss was determined at intervals during test by weighing the worn specimens 
from which loose debris had been removed by brushing. Weighings were made after 
30 min and 60 min total running, and then at intervals of 2 h running until 15 h of 
test had elapsed or until the equilibrium wear-rate was clearly established, whichever 
period was longer. 

X-ray powder patterns from all samples of wear debris were obtained with an 
evacuated g cm diameter powder diffraction camera; the radiation used was filtered 
cobalt Kw. The constituents of a sample were determined from the X-ray pattern, 
whilst additional experiments using the internal standard technique established the 
relative amounts of each constituent. 


RESULTS 

(a) Types of wear—time curves 

Two distinct wear—time relations were observed in the present series of test and are 
illustrated in Fig. 2. One was the Type I described by Hirst AND LANCASTER® in 
which the wear rate is initially high but soon decreases to a much lower, constant 
value. This type of behaviour was observed in tests on all three materials at and above 
60% relative humidity. The low, constant rate is called the equilibrium wear rate; 
this straight line was produced back to form on the wear loss axis an intercept that 
we have called the ‘‘intercept wear loss’’. Both quantities were used to compare the 
performance of the three materials studied. 

The second distinct wear—time relation was that described as Type II by Hirst 
AND LANCASTER? in which there is a linear increase of wear loss with time; this also 
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Fig. 2. Experimental wear loss—time curves, Fig. 3. Equilibrium wear rate versus relative 
Types I and II. 1.5% manganese steel. Load humidity for all three materials. Load 4o kg. 
40 kg. O Wrought iron, [] 0.25/0.30 carbon steel, 


A 1.5% manganese steel, @ A @ additional 
wear rates of infrequent occurrence. 


was described as an equilibrium wear rate. This type of behaviour was observed in 
the range 0-5 °%, relative humidity in all three materials. 

The curve for Type II wear shown in this figure is one example which closely 
resembles a straight line. Other curves obtained in this humidity range show slight 


deviations from a straight line, usually in the form of a slightly greater wear rate 
during the first hour. 
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The wear tests whose results are plotted here show variability of two kinds. Each 
wear loss—time curve is built up from weighings made at 2-h test intervals, and there 
is some scatter in these results in the “‘equilibrium’”’ region of Type I wear for which a 
standard deviation may be quoted. 

A mean value is quoted for equilibrium wear rate for each test, and where tests have 
been repeated several times the standard deviation of the mean values may be 
derived. Some figures are quoted for both cases in Table II and these are represen- 
tative of the high and low wear rates over the entire range of relative humidity studied. 


TABLE IL 


EQUILIBRIUM WEAR RATE: STANDARD DEVIATIONS (mg/h) 


A Of individual results on a single wear curve 


Gens aay Wrought iron I.5% Mn 25/30 carbon mild 
Tabane: Tessas, special grade steel steel 
o-5 2:0 27 3.1 
40 (low wear rate) 0.5 0.8 0.8 
60 1.6 1.4 1.5 


B  Ofmeans from several curves 


0-5 ae 2.3 
40 (low wear rate) att 1.0 0.03 
60 — 0.8 


The wear—time curves obtained from tests at 20 and 40% relative humidity could 
not be simply classified as Type I or Type II. The wear rate during the first few hours 
of test was high but fluctuated considerably ; it was followed by some 2-h periods in 
which the wear rate was high and typical of the equilibrium rate observed at 0-5% 
relative humidity interspersed with other periods when the wear rate was low and 
typical of the equilibrium wear rate at 60% relative humidity and beyond. These 
high and low wear rates were recorded. Several wear tests were performed on each 
material at each value of relative humidity to ensure that the wear loss—time cur- 
ves are qualitatively and quantitatively reproducible. 


(b) Quantitative comparison of wear rates 

The measured equilibrium wear rates for all three materials are plotted in Fig. 3; two 
characteristic wear rates are plotted for each material at 20 and 40% relative humidity, 
the open symbols denoting the wear rate which occurs most frequently. 

It was at one time suspected that the marked change in wear rate between consec- 
utive 2-hour test-periods might be due to differing periods of exposure to the am- 
bient atmosphere between tests. However, a systeniatic series of tests showed that this 
was not the cause, and the effect was attributed to random fluctuations in the transi- 
tion from high equilibrium wear rates at low relative humidity to low equilibrium 
wear rates at 60% relative humidity and beyond. It seems significant that periods of 
high wear rate predominate at 20% and periods of low wear rate predominate at 40% 
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relative humidity. The individual points plotted at 5, 60, 80, and 100% are the average 
wear rates in the period 1-15 h of test; the points plotted at 20 and 40°% show the 
average of periods of high wear rate and the average of periods of low wear rate. 

The intercept wear losses are listed in Table III at relative humidity values of 60, 
80, and 100%. Estimates are given for the values at 20 and 40% since the peculiar 
shapes of the wear loss—time curves prevented an accurate assessment. 


~ 


TABLE III 


VARIATION OF INTERCEPT WEAR LOSS WITH RELATIVE HUMIDITY 


Intercept wear loss (mg) 


Relative humidity 


(%) Wrought iron 25/30 Carbon 1.5 % Manganese 
special grade mild steel mild steel 
20 120* 225* 150* 
40 125* 365* 195* 
60 135 420 235 
80 235 418 320 
I0O 170 210 555 


* Estimated values 


Cage-suspension applications involve the exposure of gear to an environment as wet 
or wetter than the ambient atmosphere, and official records (Meteorological Office!) 
show that the relative humidity of the atmosphere in the British Isles rarely falls 
below 60%. Practical comparison of the three materials under test should therefore 
be based on the results obtained in tests at 60° relative humidity and above. In this 
range the intercept wear loss of wrought iron is appreciably less than that of the two 
mild steels. This indicates that the elimination of so-called point contact conditions 
and the establishment of equilibrium wear rate requires a much smaller loss of material 
from wrought iron than from these mild steels. On the other hand, in this range the 
equilibrium wear rate of wrought iron is appreciably higher than that of the mild 
steels. The conclusion is that those designs which incorporate point-contact loaded 
bearings in mild steel will experience a greater initial loss of material but their sub- 
sequent equilibrium wear rate will be lower than that of similar bearings in wrought 
iron. It is therefore important to design in such a way as to avoid point-contact con- 
ditions and the perpetuation of relatively small bearing areas as wear proceeds. 


(c) Optical examination of wear scars 


The wear scars formed on specimens of all three materials showed a change in 
appearance with change in relative humidity roughly corresponding to the changes 
observed in the wear—time curves. 

Scars produced at 0-5°%, relative humidity differed from all others, being dull grey 
in colour and containing small, roughened black patches. Microscopic examination 
showed that the grey areas, which covered about three-quarters of the total area, 
consisted of a thin almost continuous film of polished oxide, as shown in Fig. 4. The 
oxide layer appeared to be built up from many separate fragments transferred to the 


Wear, 4 (1961) 111-122 


RELATION BETWEEN WEAR RATE AND DEBRIS COMPOSITION I1I7 


popace J welded on to it. The remainder of the surface area consisted of unpolished 
oxide with occasional patches of bare metal. 
The major portion of scar surfaces produced at 20 and 40% relative humidity showed 


Fig. 4. Thin film of grey oxide on wear surface: 1.5% manganese steel, o-5% relative humidity. 
( 700) 


Fig. 5. Bare metal surface with small oxide patches: 1.5% manganese steel, 40% relative humi- 
dity. ( 700) 


a metallic lustre and consisted of bare metal carrying occasional small patches of 
polished grey oxide as shown in Fig. 5; the remaining areas consisted of unpolished 
brown oxide. At 40% relative humidity the scar also contained a few small patches of 
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relatively thick polished grey oxide containing small metallic particles, as shown in 
Fig. 6. Samples of this thick grey oxide layer were subsequently examined by electron 
diffraction and found to consist mainly of haematite with some alpha-iron and traces 
of Fe3Q4: this last constituent was not detected by X-ray diffraction applied to the 
same sample. 


dle 
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Fig. 6. Thick films of polished grey oxide: 1.5% manganese steel, 40% relative humidity. (x 700) 


A high proportion of bare metal surface carrying a few patches of thin oxide was 
observed in scars produced at 60, 80, and 100% relative humidity, but in the last case 
the small patches of thin oxide were more numerous. The proportion of thick polished 
grey oxide also increased with relative humidity but all scars showed some dark, un- 
polished oxide. The thickness of the polished oxide was of the order 0.01 mm, and it 
could be flaked away from the underlying material whilst retaining in its polished 
surface the small metallic particles previously mentioned. When such flakes of oxide 
film were reduced to powder the resulting X-ray diffraction pattern was similar in all 
respects to that obtained from the corresponding debris samples. Comparison of pairs 
of specimens showed that the areas of polished oxide on one specimen were rubbing 
against regions of bare metal surface on the other specimen. 

Measurements of weight loss from specimens do not represent the total weight of 
metal that has been converted to oxide or debris since some oxide remains attached to 
the scars. However, in dynamic equilibrium at constant wear rate the difference be- 


tween successive weighings does represent the weight of metal lost during the inter- 
vening test period. 


(d) Examination of wear debris by X-ray diffraction 


X-ray powder patterns showed the presence of alpha-iron and haematite (alpha- 
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Fe2Os) in all debris samples, while magnetite (Fe30.4) was an additional constituent in 
all samples at 5°% relative humidity and in the high wear rate samples at 20 and 40% 
relative humidity. The number of high wear rate samples at 40°/, was much smaller 
than that at 20% relative humidity. 

A measure of the ratio of amount of metallic iron to amount of haematite in the 
debris may be obtained by determining the ratio of intensities of one diffraction line 
of iron and one diffraction line of haematite. A comparison of X-ray line intensities 
should ideally be made in terms of integrated intensities (GRIFFIN!2). For well- 
crystallized substances, however, the peak height of a diffraction line appears to vary 
linearly with the integrated intensity, so that the present estimations of intensity 
have been made using peak-height measurements. 

The relation may be expressed in the form 


Ve Myx 


X=—= ae 
Ig Ms 


(1) 
where X is the ratio of peak-height measurements, J and M denote diffraction line 
intensity and rate of generation of constituent in mg/h respectively and K is a con- 
stant; suffixes « and f denote the materials iron and haematite respectively. In the 
case under consideration the strong (110) diffraction line of iron at 2.03 A, was com- 
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Fig. 7. Intensity ratio versus testing time for 1.5% manganese steel. 1.5% manganese steel. Load 
40 kg. Relative humidity: X 40%, @ 60%, & 80%, © 100%. 


pared with the strong (104) line of haematite at 2.69 A. Graphs of film density against 
diffraction angle were obtained with a recording microdensitometer. 

Values of X have been plotted against wear time to show the change in constitu- 
tion of debris throughout tests. An example is shown in Fig. 7 for 1.5% manganese 
steel under 40 kg load at relative humidities of 40, 60, 80, and 100%. The intensity 
ratio is very large in the first half-hour of test, indicating that the debris contains a 
high proportion of metallic iron, but the ratio falls quickly during the second half- 
hour: in tests at 60, 80, and 100% relative humidity the value of the ratio for samples 
collected in the period 1 to 3 hours is maintained approximately constant throughout 
the remainder of the test, indicating that the debris has reached an equilibrium com- 
position. The high initial value of intensity ratio falls quickly at 40% relative humi- 
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dity but the subsequent erratic distribution of values resembles the erratic distribu- 
tion of wear rates under these test conditions. Results from samples containing FesO4 
were excluded from Fig. 7. 

For debris samples containing two constituents only the equilibrium values of 
I,,/I 4 for all three materials taken from graphs similar to Fig. 7 are plotted against the 
rate of loss of metal (Y mg/h) in Fig. 8. Regression analysis of these data produces a 
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Fig. 8. Equilibrium wear rate versus intensity Fig. 9. Composition of wear debris. 
ratio for all three materials at 60% relative 
humidity and beyond. The lines of the two 

regression equations have been drawn. 


regression coefficient of 0.973 indicating a strong linear correlation between X and Y. 
The calculated best straight line has the eqn. 


X = 0.242Y — 0.157 (2) 
substituting for X from eqn. (I) we obtain 


Mx 


= 0.242Y — 0.157 (3) 
B 


If the debris samples consist only of alpha-iron plus haematite, and if the rate of 
generation of total debris is W’ mg/h there is a relation 


W = Ma+ Mg (4) 
The mass of haematite debris is equivalent to 10/7 of the original mass of metal 
from which it was formed, so there is a further relation 


‘if 
Vere), —M 
a + * B (5) 


Substituting for M/, from eqn. (5) in eqn. (3) we obtain an expression 


EY) 
el (6) 
0.242Y + 0.7K —0.157 
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K was determined experimentally using two samples of wear debris together with 
an internal standard (GRIFFIN!2) and found to be approximately 8. The substitution 
of this value in eqn. (6) permits calculation of the proportions of haematite and iron 
(from eqn. 5) in those debris samples contributing to Fig. 8. The relation between 
Y, Mg, and W’, is shown in Fig. g: it can be seen that at low wear-rates haematite is 
the major constituent of the debris but its proportion decreases as the equilibrium 
wear rate increases. 


DISCUSSION AND CONLUSIONS 


The relative humidity of the ambient atmosphere has a marked effect on wear rate, 
film formation and debris composition, suggesting that near zero relative humidity 
wear occurs by a different mechanism from that operating at 60% relative humidity 
and above. The three materials studied responded in qualitatively similar ways to 
changes in relative humidity but at values of 60% relative humidity and beyond there 
were important quantitative differences, wrought iron showing the lowest intercept 
wear loss but the highest equilibrium wear rate. 

As far as the practical wear problem is concerned the present work emphasizes the 
importance of designing to avoid point contact at bearings. Where, as in chain links, 
this is not possible, the designer should ensure that a large area of apparent contact is 
created after the minimum amount of plastic deformation and wear loss. It can be 
seen from the results that failure to achieve this will result in a rapid initial loss of 
metal whose quantity varies from steel to steel. 

The quantitative examination of debris by X-ray diffraction was performed on 
samples which appeared to contain only alpha-iron and haematite. A consideration of 
the chemical composition of the steel samples shows that small quantities of other 
substances, probably in oxidized form, must be present in the debris, but these would 
escape detection by this method of analysis if their concentration were less than the 
detectable limit of about 1% of substance. Their presence would affect only the rela- 
tion between the rate of loss of metal Y and the rate of generation of total debris W. 

The quantitative analysis of debris composition was based on results from all three 
materials conforming closely to the same pattern. It showed that under equilibrium 
wear conditions of Type 1 and at low wear rates the proportion of haematite in the 
debris is very high, but the proportion of metallic iron increases continuously with 
increase in wear-rate. This suggests that there are no basic differences of wear mech- 
anism between the three materials tested under initial point contact loading provided 
that they are compared in the same range of relative humidity and load. The wear 
process at 5% relative humidity has markedly different characteristics: the consist- 
ently high wear rate, the high proportion of metallic iron in the debris, and the 
presence of an appreciable proportion of Fe3O4 suggest that in all three materials the 
friction—oxidation process is unable to produce a protective oxide film to reduce 
metallic transfer between specimens and that it results in partial oxidation only of the 
oxide debris. It seems reasonable to suppose that the moisture content of the air is an 
important factor influencing this behaviour, since an increase to 20 and 40% relative 
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humidity sees a fall in the number of debris samples containing Fe3O.4 and an increase 
in the number of test periods exhibiting low wear-rates. At and beyond 60% relative 
humidity, the surfaces, although not completely covered, appeared to be fully 
protected from inter-metallic contact by thick films of adherent oxide. The wear 
process must therefore have been limited to transfer from a metallic surface to an 
oxide layer, followed by oxidation and mechanical degradation of the layer. 

It is suggested that the composition of wear debris as determined by X-ray dif- 
fraction analysis (especially the presence or absence of FesO.4) may serve as a valuable 
guide to the type of wear mechanism and the conditions under which the debris was 


produced, 
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SUMMARY 


The coefficients of friction of electroplated nickel, copper and chromium against steel spheres 
were measured. The tracks made by the spheres on the electrodeposited surfaces were examined 
electron-microscopically. It was found that the observed damage due to broken welds varied as 
the calculated ratio of the welded to the contact area. The plating conditons, mechanical properties, 
normal loads and surface roughnesses did not significantly affect the friction coefficients. On the 
basis of the electron-microscopic observations, a relationship between wear and surface rough- 
ness and work hardening was formulated. 


ZUSAMMENFASSUNG 


Die Reibungskoeffizienten von galvanisch plattiertem Nickel, Kupfer und Chrom gegen Stahl- 
kugeln wurden gemessen. Die Spuren, welche die Kugeln auf den plattierten Oberflachen hinter- 
liessen, wurden elektronenmikroskopisch untersucht. Es wurde gefunden dass die Beschadigung 
durch Zerreissen der Schweisstellen sich wie das berechnete Verhaltniss zwischen der Schweiss- zu 
der Kontakt flache anderte. Die Plattierungsverfahren, die mechanischen Eigenschaften, die 
normalen Belastungen und die Rauheit der Oberflachen hatten keinen wesentlichen Einfluss 
auf die Reibungskoeffizienten. Auf Basis der electronen-mikroskopischen Untersuchungen wurde 
eine Beziehung zwischen Abniitzung und Oberflachenrauheit und Verformungshartung formuliert. 


In recent years there have been considerable advances in the understanding of the 
mechanism of friction and wear between metals. Largely as a result of the work of 
Bownben and his associates!:2.3, the view is now generally accepted that friction 
results mainly from the welding of asperities on the opposing, moving surfaces, which 
subsequently have to be separated again. When the cohesive strength of one of the 
components of the friction couple is less than the strength of the weld, fracture 
occurs within the weaker component upon separation, thereby resulting in the re- 
moval of metal. This is a form of wear. The size of the welds has been estimated by 
BowbEN AND Rowe? to be about 100 A in diameter. A microscopic study of friction 
therefore requires electron optics. Scott AND ScotTr4, DREHER®, and YOUNG AND 
ScHwartzé performed a few experiments on wear in metals and examined the resulting 
materials with an electron microscope. However, no extensive investigation of the 
microstructural changes due to friction and wear has been reported, and for this reason 


this work was undertaken. 
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EXPERIMENTAL PROCEDURES 


The surfaces which were studied were nickel, copper and chromium electroplated on 
electropolished copper sheet. The reasons for employing electrodeposited surfaces 
were that these require no pre-test preparation such as polishing, which could cause 
distortions, and that they have characteristic microstructures which facilitate 
recognition of the areas where friction contact was made. Also, it is possible to get 
surfaces with a variety of smoothnesses, grain sizes and orientations, and mechanical 
properties by adjusting the plating conditions and electrolyte compositions. 

As shown in Table I, which lists plating conditions and bath compositions, a total of 
41 deposits were used in this study. Of these, 21 were nickel, 11 copper and g chromium. 
Prior to friction testing, the microstructures of the surfaces of the deposits were 
examined in an RCA-EMB electron microscope. Parlodion* replicas were made of all 
samples using the technique described by WEIL AND Reap’. In addition, carbon 
replicas of the copper deposits were examined. The carbon-replica method suggested 
by REIMER’ was used. Microhardness measurements were taken on the cross section 
of the deposits with a Leitz ““‘Durimet’’ Micro-Hardness Tester using a Vickers in- 
dentor and a 50 g load. The hardness values, each of which represents the average of 
at least five determinations, are included in Table II. The light-reflecting properties 
of the deposits, which have previously? been shown to be directly related to the degree 


TABLE I 
PLATING CONDITIONS AND BATH COMPOSITIONS 


A. Nickel Deposits . 
Basic bath compositions: 400 g/l NiSO4 * 6H2O, 45 g/l NiCle x 6H20, 45 g/l HsBOs3 
Plating conditions: pH: 4, temp: 60°C, current density: 5 amp/dm? 


Spec. No. Bath additions 
3000 None 
3001 0.2 g/l 1-5 naphthalene disulfonic acid 
3002 0.4 g/l 1-5 naphthalene disulfonic acid 
3003 0.6 g/l 1-5 naphthalene disulfonic acid 
3004 0.6 g/l 1-5 naphthalene disulfonic acid + 
0.2 g/l chloral hydrate 
3005 0.6 g/l1—5 naphthalene disulfonic acid + 
0.6 g/l chloral hydrate 
3006 1.0 g/l 1—5 naphthalene disulfonic acid + 
0.6 g/l chloral hydrate 
3007 0.2 g/l p-toluene sulfonamide 
3008 0.6 g/l p-toluene sulfonamide 
3009 0.6 g/l p-toluene sulfonamide + 0.2 g/l choral hydrate 
3010 0.6 g/l p-toluene sulfonamide + 0.6 g/l choral hydrate 
3011 1.0 g/lzine + 0.6 g/l 1-5 naphthalene disulfonic acid 
3012 1.0 g/lzinc + 1.0 g/l 1-5 naphthalene disulfonic acid 
3013 0.09 g/l aniline 
3014 0.18 g/l aniline 
3015 0.31 g/l benzoic acid 
3016 0.08 g/l saccharine 
3017 0.20 g/l saccharine 
3018 0.40 g/l saccharine 
3019 0.60 g/l saccharine 
3020 Harshaw Chemical Co. Nubrite Addition Agents 


— 2 (continued on next page) 
* Parlodion is a specially purified cellulose nitrate. 
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TABLE I (continued) 


B. Copper Deposits 
Basic bath compositions: 200 g/l CuSOa & 5H2O 


Plating conditions: 5 amp/dm2? 

Spec. No. Bath additions Bath temperature 
4000 50 g/l HeSO. 25°C 
4001 50 g/l He2SOu, 0.02 g/l thiourea 25°C 
4002 50 g/l HeSQO,, 0.03 g/l thiourea 25°C 
4003 10 g/l HeSO, 25°C 
4004 10 g/l HeSOa, 0.01 g/l thiourea 25°C 
4005 10 g/l HeSOua, 0.01 g/l benzene disulfonic 

acid, 0.01 g/l dextrin me 
4006 10 g/l HeSOg 3.6 
4007 10 g/l HeSOu, 0.01 g/l thiourea 13-6 
4008 10 g/l  HeSOua, 0.04 g/l thiourea 13°C 
4009 17 g/l HeSO,, 0.04 g/l thiourea 13°C 
4010 17 g/l HezSOu, 0.04 g/l thiourea, T3nC 


0.8 g/l molasses 


C. Chromium Deposits 
Bath compositions: 250 g/l CrOs, 2.5 g/l H2S5O4 Specimens: 5000-5003 inc. 
400 g/l CrOs, 4.0 g/l H2SO4 Specimens: 5004-5008 inc. 


Spec. No. Plating conditions 
5000 5 amp/dm2, 40°C 
5001 10 amp/dm2, 40°C 
5002 15 amp/dm2, 40°C 
5003 20 amp/dm2, 40°C 
5004 5 amp/dm?, 40°C 
5005 10 amp/dm2, 40°C 
5006 15 amp/dm2, 40°C 
5007 20 amp/dm2, 40°C 
5008 15 amp/dm2, 50°C 


to which the various components of the surface microstructure are in one plane, 
are also listed in Table II. The experimental technique for obtaining these values has 
been described previously®. 

The friction-testing apparatus was very closely patterned on that described by 
LEVINE AND PETERSON!®. Fig. 1 is photograph of the machine. The specimen (A) 
was firmly held by clamps (B). The rider (C) which is also shown in the upper left 
corner of Fig. 1 held three hardened steel balls, 6.4 mm (1/4 in.) in diameter. Each 
ball was prevented from turning by two set screws. The normal load was applied 
by weights (D) carefully placed on the rider. The horizontal load was applied by the 
displacement motor (E), which by turning the displacement screw (F) pulled on the 
rider. The horizontal force on the rider was measured with a Statham transducer- 
dynamometer (G) and recorded on a strip chart. The surfaces of the test panels were 
not further treated after they had been removed from the plating bath and dried 
with ethyl alcohol. Prior to each test, the positions of the balls in the rider were 
changed so that the same areas were not used more than once. The balls were degreased 
with xylene and dried in an air stream. The entire friction machine was enclosed in a 
plastic box. Before a test run, dried nitrogen gas was allowed to flow through the box 
at a pressure of 1.6 atmospheres. The flow was maintained during the test. 
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Two types of friction tests were performed which were called static and dynamic. 
For the static tests a slow motor was used which moved the displacement screw at 
the rate of 0.04 cm/min. It was quite easy to recognize the start of movement of the 
rider on the strip chart because the load dropped off sharply. The force required to 
start the rider movement was used in the calculations of the static coefficient of 
friction. Tests were repeated until three consecutive readings within 5% were 
obtained. Each reading was taken on a different area of the specimen. 


G- DYNAMOMETER 


C- RIDER 


Fig. 1. Friction-testing machine. 


In the dynamic tests a faster motor was used which moved the displacement 
screw at the rate of 1.2 cm/min. In some instances there was a slight drop in the 
horizontal load when the rider started to move.The load vs. time graph plotted on 
the strip chart showed the well known stick-slip pattern. The force used in the 
dynamic coefficient of friction calculations was an average obtained by measuring 
the area under the load—time graph with a planimeter and dividing this value by the 
time. 

The static and dynamic tests were conducted with four normal loads, 2.0, 2.5, 
3.0 and 3.5 kg. The coefficients of friction, the quotients of the horizontal and normal 
loads, varied with load, but only within the accuracy of the experiment. The 
coefficients of friction listed in Table II are the averages of all those obtained for a 
particular sample. 

The tracks made during the dynamic friction runs were examined electron-micro- 
scopically using the same replicating methods employed to study the surfaces 
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TABLE: Il 

Quantity $54) Calculated 
Spec. Hardness of light eee Dynamic ratio of 
Nos. kglmm? reflected coefficient coefficient welded area 

(ft.-c.) of friction of friction to contact 

“ area(x) 
3000 209 4.5 0.235 0.290 0.35 
3001 521 47.5 0.146 0.167 0.43 
3002 486 58.5 On 127 0.137 0.33 
3003 530 58.5 0.130 0.166 0.43 
3004 518 95.0 0.118 0.115 0.30 
3005 437 28.0 0.183 0.169 0.38 
3006 460 80.0 0.1360 0.142 0.34 
3007 401 53-5 0.166 0.152 0.32 
3008 333 48.5 0.177 0.142 0.26 
3009 294 50.0 0.182 0.163 Or 
3010 — 414 50.0 0.169 0.145 0.31 
3011 494 66.0 0.147 0.129 0.32 
3012 479 >100 0.148 0.120 0.2 
3013 439 4.0 0.179 0.166 0.38 
3014 486 4.0 0.167 0.1506 0.38 
3015 291 6.3 0.192 0.152 0.2 
3016 422 13.0 0.196 0.177 0.39 
3017 421 35.0 0.154 0.159 0.34 
3018 391 29.0 0.172 0.163 0.34 
3019 341 25.0 0.152 0.170 0.32 
3020 509 > 100 0.105 O.1I1 0.28 
4000 88 2.0 0.174 0.187 
4001 130 2.0 0.169 0.193 
4002 109 1.5 0.171 0.188 
4003 89 3.0 0.182 0.200 
4004 89 2.5 0.182 0.187 
4005 102 2.0 0.197 0.178 
4006 92 1.5 Onn7Z 0.187 
4007 114 4.0 0.182 0.194 
4008 138 2.5 0.181 0.191 
4009 131 6.0 0.190 0.166 
4010 107 2.0 0.184 0.175 
5000 667 4.0 0.120 0.148 
5001 I120 20.0 0.121 0.120 
5002 768 25.0 0,161 0.275 
3993) 594 0.5 0.137 0.154 
5004 624 4.0 0.144 0.157 
5005 799 2.5 0.131 0.158 
5006 779 3.0 0.125 0.236 
5007 702 2.0 0.150 0.305 
5008 813 3.5 0.142 0.178 


before the tests. The tracks were also examined and photographed with a conven- 


tional metallograph. 


RESULTS AND DISCUSSION 


The data listed in Table II should be examined in conjunction with the results of 
the electron-microscopic studies. It is apparent that the material properties did not 
appreciably affect the coefficients of friction measured in these experiments. This 
indicates that contamination was present and exerted the dominant influence. In 
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the presence of contamination, which BOwDEN AND Rowe? showed cannot be elimi- 
nated except by evaporating a layer off the surface, only a fraction of the contact 
area welded. A qualitative indication of the magnitude of this fraction can be obtained 
from the electron micrographs. As the objectives of this study could be attained 
without completely eliminating contamination, surface evaporation was not at- 
tempted. Such a decontaminating technique also would have markedly changed the 
mechanical properties and microstructures of the test specimens. 

Most studies attempt to relate the friction properties to the hardness of the 
material. It is realized, of course, that the rate of work hardening, the ductility and 
diffusion coefficients can also affect the friction properties. A relationship between 
hardness and the coefficients of friction can exist only if the ratio (x) of the welded 
area to the contact area remains constant. This can be shown in the following manner: 
According to MACHLIN AND YANKEE!/, the coefficient of friction (yw) is related to the 
hardness (H) and the shear strength (S) of the welds by the formula, 

S 


=~ — ) 
Be ee (1 


If the assumption made by RUBENSTEIN!? that 
S=a-+tbH (2) 


where (a) and (b) are constants, is combined with eqn. (1), then 
St $ J 0) 
B=o (= Ps (3) 


Therefore, a linear relationship between the coefficient of friction and the reciprocal 
of the hardness can exist only if the ratio (~) is a constant. When it is possible to 
evaluate the constants of eqn. (2), the results listed in Table II can be used to cal- 
culate the ratio (x). The calculated ratios can then be compared with the result of 
the electron-microscopic examinations. Data to evaluate the constants are very 
sparse. It was possible to calculate their values for nickel from data listed in ref. 13, 
which gave the shear and tensile strengths for three different types of nickel. Tensile- 
test results were available for the various nickel deposits listed in Table I. It was 
therefore possible to relate tensile strengths and hardness for the nickel electro- 
deposits and then finda relationship between hardness and shear strength from these 
data!3, The values of the constants thus calculated were a = 1.50 kg/mm? and b = 0.1. 
The ratios (x) for the nickel specimens calculated by eqn. 3 are included in Table II. 

Comparing the calculated ratios of the welded area to the contact area with the 
electron-microscopic observations, it was noted that those specimens which had the 
highest calculated ratios also showed the greatest evidence of welding. Figs. 2 and 3, 
which represent the friction tracks on Specimens 3001 and 3015 respectively, illus- 
trate the difference between the extremes of the calculated area ratios of 0.43 and 
0.25. The evidence of welding observed in the electron micrographs permits only a 
qualitative confirmation of friction theory as outlined previously. Since the nickel 
deposits were all much softer than the steel balls, welds between the two components 
of the friction couple which were subsequently broken resulted in fracture either at 
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the original interface or at some distance from it in the nickel deposit. The relative 
cohesive strengths of the weld and the nickel determines where fracture will occur. It is 
therefore probable that some fracture occurred at the welded surface. Evidence of 


Fig. 2. Electron micrograph of negative parlodion replica of nickel showing a friction track where 
calculated ratio of the welded area to the contact area was 0.43. 


Fig. 3. Electron micrograph of negative parlodion replica of nickel showing a friction track where 
calculated area ratio was 0.25. 


Wear, 4 (1961) 123-136 


130 R. WEIL, R. A. PAQUIN 


welds so broken would not be visible electron-microscopically. Fracture which 
occurred in the nickel would result in pieces of nickel being removed, as seen in Fig. 2. 
If fracture occurs at some distance from the weld, it is probable that an exaggerated 
estimate of the welded area would result from viewing the electron micrographs. 

It was noteworthy that evidence of welding was most frequently observed in deep 


set See ae ee san ee 


Fig. 4. Electron micrograph of negative parlodion replica of nickel showing welding in furrows. 


Fig. 5. Electron micrograph of negative parlodion replica of chromium sample with dynamic 
friction coefficient of 0.305. 
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furrows as illustrated in Fig. 4. The nickel has been work hardened most heavily ina 
furrow, and consequently the fracture occurred below the work-hardened layer at some 
distance from the original surface. When fracture occurred in this manner, the 
welds were most easily identified with the electron microscope. 

Since no data were available to calculate the ratios of the welded area to contact 
area for the copper and chromium deposits, these could not be examined in the same 
manner as the nickel plates. However, comparing the electron micrographs of the 
samples with approximately the same coefficients of friction, but of varying hardnesses, 
it was noted that, in general, the softer ones showed more evidence of welding. 
The appearance of the friction tracks of the copper deposits as seen with the electron 
microscope was very similar to that of the nickel plates. Again the evidence of welding 
was most pronounced in the deep scratches. 

The greatest variation in the coefficient of friction was found in chromium deposits. 
Some deposits were as hard or even harder than steel balls, which had a Vickers 
microhardness number of 840 when measured in the same way as the hardness of the 
electrodeposits. In those samples, no evidence of welding was seen electron-micro- 
scopically. It therefore appears that the welds which formed fractured again at the 
original interface. Samples 5002, 5006 and 5007 which had the largest coefficients of 
friction showed pronounced evidence of welding, as seen in Fig. 5. 

Varying the normal load did not noticeably effect the microstructures of the fric- 
tion tracks. Since the coefficients of friction were not found to vary with normal load, 
the fraction of the area which welded also remained the same. The area of contact 
increased proportionally to the normal load as seen in Fig. 6. The average width of 
the friction track was determined by measuring the contact area with a planimeter 
and dividing the result by the length of the track. Within the accuracy of such meas- 
urements there was a linear relationship between normal load and the square of 
the track width. Such a relationship can be shown to result if the track width is very 
small compared with the diameter of the balls. 

As has been pointed out previously, the friction force is mainly due to the shearing 
of the welds, as implied in eqn. (1). There is, however, another component of the 
friction force, namely the ploughing term. As the balls moved over the surface of 
the electroplated metals, they ploughed the protrusions and deposited the debris in 
the valleys. Some material can be seen smeared over the as-deposited surface in Fig. 7. 
Cracks are observed in this layer, indicating considerable work-hardening. With the 
equation for the component of the friction force due to ploughing given by BowDEN, 
Moor AND Tasor! that 

ap 


Fp = (4) 
12r 


where d is the track width, p the flow stress and 7 the radius of the ball, an 
estimate of the ploughing term can be made. If it is assumed that the flow stress is 
the same as the yield strength obtained in a tensile test, the ploughing component 
turns out to be about 0.1% of the total friction force for the nickel deposits and about 
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1% for the copper deposits. Since the tracks in the chromium deposits consisted, 
with one exception, of isolated, sheared-off protrusions, eqn. (4) could not be used. 
In the chromium deposits, the balls penetrated the least and therefore the friction 


force due to the ploughing must have been very small. Even though the chromium 


Fig. 6aa 1d b. PI OUTO ic og apl S O1 f ic tio 1 trac k oO co pe wi li Vary ing loac S (a) 2.0 k 
5 5 Pp 2 5 : . g; 
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plates also had the highest flow strength, the cube of the track width predominates 
in the equation. 

The results of the friction study also lead to some implications about wear. Wear 
of electrodeposited metals has been studied by several investigators. WEINER AND 
BroscH!4, SHREYDER!® and others found no good correlation between wear resistance 


Fig. 6c. 


Fig. 6d. 
Fig. 6c and d. Photomicrographs of friction track on copper with varying loads. (c) 3.0 kg, (d) 3.5 kg. 
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and hardness. Considering the previous discussions of the friction properties, it 
becomes apparent why no direct relationship between wear and hardness exists. 
In this study of the friction properties of electrodeposited nickel, copper and chromium, 


Fig. 7. Electron micrograph of negative parlodion replica of nickel showing heavy debris accumula- 
tion. 


Fig. 8. Electron micrograph of negative parlodion replica of nickel showing practically no debris 
accumulation. 
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two forms of wear were observed. Fracturing the welds in such a way that metal 
from the weaker component of the friction couple remained attached to the stronger 
resulted in wear of the weaker. Ploughing of the protrusions and causing some of the 
debris to be removed was another form of wear. In the first type of wear, the factor 
which determines whether some of the metal from the weaker component adheres to 
the stronger is, as pointed out before, the relative cohesive strength of the weaker 
metal and the weld, and not the absolute strength of the metal. Hardness is probably 
related to cohesive strength. 

The role of work hardening appears to be a very important factor, as shown by the 
electron micrographs. As already noted, the heaviest wear occurred in deep furrows, 
where as a result of work hardening the strength of the metal is greatest at the surface 
and decreases with distance from it. Fracture, therefore, occurred somewhat below 
the surface, resulting in considerable removal of metal. 

The electron-microscopic examinations showed a pronounced effect of surface 
roughness on wear caused by the ploughing of the balls as they moved over the elec- 
troplated surface. As the ploughing contribution to the friction force was very small, 
no effect of roughness on friction was observed. Comparing Figs. 7 and 8, it is seen 
that on the rougher surface represented by Fig. 7 there is much more accumulation 
of debris in the valleys than on the smoother surface shown in Fig. 8. The reason for 
this is believed to be two-fold. It has been found!6 that the hardness of electro- 
plated metals is directly related to their roughness. It can easily be seen that the 
depth of the friction track is related to the hardness. The depth of the track is deter- 
mined by how much the indentor, which for the friction tests was the ball, penetrates 
to support the normal load. This is also how hardness is measured. Therefore, the 
smoother surface, which was also the harder, had the shallower track, and consequent- 
ly less material accumulated in front of the balls. On a rough surface the protrusions 
had to be compressed considerably before the area under the balls was large enough 
to support the normal weight. This resulted in more local accumulation of debris. 
As seen in Fig. 7, the debris is very heavily deformed and therefore very likely to 
break off, especially on repeated passes over it. It thus appears that the surface 
roughness, at least in the case where contamination is present, has a much greater 
effect on the wear than on the friction properties. 


CONCLUSIONS 


In the presence of contamination, the mechanical properties, deposition condition 
and surface roughness do not have an appreciable effect on the coefficients of friction 
of electrodeposited copper, nickel and chromium. 

Variations of the normal load did not significantly affect the coefficient of friction 
or the appearance of the friction tracks seen by electron microscopy. 

The damage due to broken welds observed by electron microscopy increases in a 
similar manner to the calculated ratio of the welded area and the contact area be- 
tween the components of the friction couple. 
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The contribution of the ploughing term to the total friction force is negligible, but 
the ploughing of the surface was appreciably affected by the roughness, which, at 
least in part, explains why smooth electrodeposits have better wear qualities than 
rough ones. 

Electron microscopy is a valuable aid in studying friction and wear and should 
be used more extensively in the future. 


~~ 
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SUMMARY 


The surface chemistry of a CuzO film has been studied at a sliding carbon—copper interface 
during the passage of electric current. The effective temperature at which oxidation occurred 
was found to be the bulk temperature of the copper. Various electrographitic brushes caused 
changes in the steady state thickness of the copper oxide. An explanation of these effects is 
proposed in terms of previous information about the oxidation mechanism of copper. 


ZUSAMMENFASSUNG 


KUPFEROXYDUL FILMBILDUNG AUF EINER KOHLE-KUPFER GLEITFLACHE 


Die Oberflachenchemie eines CuzO films, der sich auf einer gleitendem Kupfer-Kohle Kontakt- 
flache bildet, wahrend Stromdurchgang stattfindet, wurde untersucht. Die wirksame Oxydations- 
temperatur ergab sich als die Temperatur der Kupfermasse. Unterschiede in den Elektrographit- 
biirsten hatten auf die Schichtdicke des Kupferoxyduls in Stationarzustand Einfluss. Bereits 
vorliegende Erfahrungen iiber den Oxydationsmechanismus von Kupfer ermOglichen es diese 
Beobachtungen zu erklaren. 


INTRODUCTION 


Interest in the chemical properties of surface films formed at the interface between 
sliding solids is engendered by the modern viewpoint concerning the mechanism of fric- 
tion and wear. Ewr1nc! was the first to suggest that the main forces of friction between 
solids were the results of molecular interactions rather than of mechanical interactions 
due to gross surface irregularities. Harpy? pointed out that these molecular forces 
could be saturated effectively by an adsorbed film or other surface layer. In addition 
to these chemical factors it was found that two solids are in true contact only at a 
number of minute areas; they actually touch at only a small fraction of the apparent 
contact area. If this physical description is added to the chemical knowledge, then 
the modern point of view concerning friction and wear is reasonably complete?. 

This background motivated the present experimental study of copper oxide 
films formed on a copper slip-ring in sliding contact with various electrographitic 
carbon brushes. Three aspects of the chemistry at the interface were of particular 
interest. The first was the effective temperature at which oxidation occurred. The 
second was the effect of various electrographitic carbons on the copper oxide. The 
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third was the effect on the copper oxide film of passing an electric current through 
the sliding junction. A consistent interpretation of the results was possible in terms 
of previous information concerning the mechanism of copper oxidation. 

Throughout this study common techniques were used to determine the composition 
and thickness of the oxide films. The oxide composition was determined electro- 
chemically and, by this means, it was possible to distinguish between cuprous and 
cupric oxide. Film thickness was determined both by electrochemical reduction and 
by electrically puncturing the film. The measured thicknesses correlated well and 
the latter method permitted estimates to be made of film uniformity in addition to 
film thickness. 

These techniques were applied in a series of experiments designed to study the 
three chemical aspects. of interest listed above. The effective temperature was 
determined by operating the system for increasing intervals of time and measuring 
the thickness of the oxide layer at the end of each operating period. This growth 
rate was related to temperature by comparison with other rate measurements in 
static systems. The justification for this particular approach is discussed later in 
some detail. Similarly, the effect of different electrographitic carbons and of electric 
current was determined by measuring changes produced in the steady state thickness 
of the copper oxide. In all cases, the sliding system was operated under constant 
conditions of current density, sliding speed, and surrounding atmosphere. 

The results of the experiment could be interpreted consistently in terms of previous 
information on copper oxidation. First, all of the films were composed of cuprous 
oxide. Second, although high temperature “‘thermal spikes’ are known to exist in 
such sliding systems, the measurements indicated that the bulk temperature of the 
copper controlled the rate of surface oxidation. Third, changes in the oxide due to 
the use of different electrographitic carbons, and to the passage of electric current, 
could be understood by considering the change in number of true contact areas at the 
carbon-copper interface as the carbon “‘grade’’ was changed. Both a direct electro- 
chemical effect and an electric field effect at the contact areas are needed to explain 
these data. 


MEASUREMENT PROCEDURES 


Since common measurement procedures were used throughout this work, it is 
worthwhile discussing these apart from their application in the experimental pro- 
gram. These can be divided in two groups. The first relates to a determination of the 
number and type of load bearing contact areas at the interface. The second relates 
to measurements used to characterize film thickness, composition and structure. 


Number of load bearing contact points 


It generally is agreed that three types of contact areas exist at a carbon —copper 
junction‘. The first type usually is denoted as an ordinary ‘‘a”’ spot at which solid 
carbon is in physical contact with solid copper. A second type can be described as 
a major “‘a”’ spot. These are characteristic of high current contacts and are composed 
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of spots at which solid carbon is in physical contact with minute pools of molten 
copper®. In this paper we choose to identify the third type of contact as a “‘b’’ spot. 
At such a contact area, solid carbon is in physical contact with solid copper oxide. 
Although ordinary and major ‘‘a’’ spots conduct nearly all the current in a sliding 
system, it is the load bearing “‘b’’ spots which are of prime importancein themechanism 
of film formation. For this reason, the number of “‘b” spots had to be determined. 
The method used was an adaptation of the experiment performed by Horm? and 
has been described in the listed reference. 


Film measurements 


All film measurements were made using common procedures. The first of these is 
based on the knowledge that a dielectric such as copper oxide will be punctured 
when the electric field across it exceeds a certain value. Fig. 1 shows the method 
used. A 0.0076 cm diameter platinum probe (D) is placed on the oxide film being 


SLIP RING CONNECTIONS 


0,003 in. DIAM. PLATINUM WIRE 
RESTING ON SURFACE 
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SD Cc : 
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SLIP. RING ==) 


SEC. A-A ENL 
NOT TOUCHING : “aie 
THE FILM 


CIRCUIT FOR MEASURING FILM PUNCTURING VOLTAGE 


Fig. 1. Electrical method of film measurement. 


measured and a suitable ground clamp (E) is fastened to the bare copper of the slip- 
ring. In operation, point (G) 1s connected electrically to (D), and (H) is connected 
to (E). The voltage between (G) and (H) is slowly increased until dielectric punc- 
ture occurs. At puncture, the voltmeter indicator drops abruptly. The maximum 
voltage divided by the dielectric strength of the copper oxide is then used to com- 
pute the film thickness. A dielectric breakdown field of 10% V/cm is used as a reason- 
able value’. 

Any single measurement of this type is quite meaningless since the problem is 
largely statistical in nature. Fig. 2 shows a typical result when the breakdown 
voltages, measured at one hundred different points on two films, are plotted versus 
the number of times each breakdown voltage occurred. The result is a Poisson 
distribution of correct form and a number related to the most probable puncture 
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voltage is readily determined from the peak of the distribution. Due to the expected 
skewness of the distribution, the most probable voltage is not the same as the average 
voltage. At present, however, it is felt that available statistical evidence does not 
warrant distinguishing between these two, and the most probable puncture voltage 
is used throughout. By repeating this procedure with different mechanical loads 


nN 


NUMBER OF POINTS 


2 4 6 10 
PUNCTURE VOLTAGE. (V) 


Fig. 2. Typical puncture voltage distribution for SA-25 brushes. 0 Negative brush, [] positive brush 


applied to probe (D), it is possible to estimate film hardness. This is indicated by a 
change in the breakdown voltage of the oxide layer as the load on the probe is in- 
creased. A large change in apparent oxide thickness with increased load indicates a 
““weak’’ film. In the present series of measurements, the films were “‘hard’’ and 
firmly bonded. In each measurement, the load was varied by a factor of four without 
causing any change in the most probable puncture voltage. 

Whenever possible, an independent method of measuring slip-ring films was used. 
This is an electrochemical reduction technique used by MILEy®. As mentioned 
previously, this technique was used to determine the presence of cuprous oxide on 
the copper as well as to determine the total amount of oxide present in the film. 
By comparing the electrochemical results with dielectric breakdown measurements, 
an estimate can be obtained about the firmness with which the oxide is bound to the 
copper. In the present series of experiments, the oxide was “hard” and firmly 
bonded so that excellent correlation was obtained between electrochemical measure- 
ments and those depending on electrical puncture of the oxide. 
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Formation of films on the sliding system 


The films studied were formed by brushes of the SA series manufactured by the 
National Carbon Company. This is a series of electrographitic brushes in which the 
number of load bearing contact areas increases monotonically with increasing SA 
number. To investigate the effect of the electric field, and of the direction of current 
flow on the system, the positive brush* was operated on a section of the slip-ring 
completely separate from that used by the negative brush.* Each brush set was 
operated continuously for 48 h on a 3-in. (7.6 cm) diameter copper slip-ring. Other 
conditions were a sliding speed of 5200 ft./min (2640 cm/sec), a current density of 
122 amp./in? (19 amp./cm?), and brush pressure of 3 lb./in? (0.21 kg/cm2). The cross 
section of each brush measured 0.75 in. (1.90 cm) by 0.20 in. (0.51 cm). The surrounding 
atmosphere was filtered through activated carbon and maintained at 20°C and 50% 
relative humidity. Three sections were measured on each slip-ring; the track of the 
positive brush, the track of the negative brush and a section of the slip-ring on 
which the brushes did not operate. This last measurement provided a check on the 
uniformity of the slip-ring surface temperature from test to test. 


DISCUSSION OF EXPERIMENTS 


The present sequence of experiments attempted to determine the effective tem- 
perature at which oxidation occurred under positive and negative brushes and also 
to investigate changes in the oxide film produced by changes in the characteristics 
of carbon brushes. As a consequence, the discussion is separated in two sections. The 
operating conditions are common to each. 


Effective oxidation temperature: rate of film growth 

In the sliding system, there were three characteristic regions of temperature, 
any of which might have played a determining role in the rate at which the slip-ring 
film was formed and in the type of chemical reaction likely to occur at the interface. 
The first was the extreme temperature of 1083°C at the few major ‘‘a’”’ spots in the 
system. The second was the characteristic temperature caused by frictional heating 
of ordinary ‘‘a’’ spots and other load bearing contacts or “‘b”’ spots. These also are 
rather high temperatures!®. Finally, there is the bulk temperature of the slip-ring 
itself. One of the purposes of this investigation was to establish which of these three 
temperature regions played a major role in the surface chemistry of the slip-ring. 

The effective temperature was determined by comparing the measured growth 
rate of the oxide layer in the sliding system with growth rates reported in the literature 
for stationary copper surfaces. The experiment consisted of measuring the electrical 
thickness of the oxide layer as a function of operating time. SA-25 brushes were 
operated on separate tracks for increasing periods of time, from five minutes to 48 


* Positive and negative brushes are defined as follows: If a voltmeter reads properly with its 
positive terminal on the brush and its negative terminal on the slip-ring, the brush is called a 
positive brush. The oxide track beneath this brush is called the positive track. The converse 
situation defines a negative brush. 


Wear, 4 (1961) 137-149 


142 Wain seRy,) Ent: SCHERER 


hours. After each period, the brushes were lifted and the slip-ring cooled under 
nitrogen to inhibit further oxidation. The electrical film thickness then was measured 
on the track of the positive brush, the track of the negative brush and on a part of 
the slip-ring not under the brushes. The film then was removed from the slip-ring and 
the brushes operated for an increased period of time. Fig. 3 is a plot of the results 
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Fig. 3. Thickness of oxide layer as a function of operating time for SA-25 brushes on copper. 


obtained. The behavior of the film thickness during the first 40 min is difficult to 
understand, but is due in part to the fact that the brush always is started on a 
freshly ground surface and has not been run in to fit the contour of the ring. This 
is usually a period of unstable operation with high friction. The long time necessary 
to attain a steady state is evident from this figure. It also can be seen that the steady 
state film thickness under the brushes, and the rate at which it was attained, are not 
markedly different from the rate and thickness on that part of the slip-ring not under 
the brushes. The effect of an electric field and other possible chemical action under 
the brush face is evident from this figure. 

To interpret these results in terms of an effective temperature, and to compare this 
experiment with the results of other oxidation studies, it was necessary first to cal- 
culate the time sequence of events at a typical point on the slip-ring surface. The 
calculations used as an example apply specifically to SA-25 brushes, with a spring 
loading of 0.21 kg/cm?. Data obtained using the method described by Horm?! 
indicate that the contact areas are roughly circular in shape with an equivalent 
average diameter of approximately 6.6-10~-4 cm. Also, the total area in true contact 
with each brush is about 1.9-10-5 cm2. The load bearing zones at the interface, both 
ordinary ‘‘a’’ spots and “‘b’’ spots, increase in number and decrease in size as the SA 
number increases. These zones move randomly over the face of a brush as it slides on 
a slip-ring. In addition, as the SA number increases, the ratio of “‘b’’ spots to ‘“‘a” 
spots increases. 

Using the sliding sytem described previously, the probability that any given 
point on the slip-ring is in contact with a brush at any instant of time is approximately 
1.6:10-6. Using the sliding speed and the average radius of a spot, the average time 
of mechanical contact is of the order of 2.5- 10-7 sec. The average time between succes- 
sive contacts of the same spot on the slip-ring is of the order of 0.16 sec. Finally, 
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it should be noted that in rotation, each spot on the slip-ring is beneath a brush for 
7.3-10~4 sec and then spends the next 8.3-10~% sec in open atmosphere. 

The next step in the analysis attempted to fit the oxidation rate of copper at various 
temperatures to this time scale. Several possibilities exist. First, the oxidized layer 
may be formed during the time associated with a single termal spike at a major ‘‘a”’ 
spot or at a “‘b’”’ spot heated by frictional forces. This implies that a steady state 
would be attained within 0.16 sec, in disagreement with the present experiment. 
A second possibility is that the steady state is approached slowly with a chemical 
oxidation mainly characteristic of the bulk slip-ring temperature. Finally, a “hot 
spot’’ picture plus large mechanical wear at points of contact cannot be discarded 
immediately. This also would result in a slow net growth of the oxide. 

If the bulk temperature is assumed important, then the work RHopIN!? and 
earlier work M1Lry® on copper oxidation can be used. This applies in the temperature 
region below about 160°C. Reasonable estimates from their data would predict an 
average rate of film growth of between 0.2 A/sec and 1.6 A/sec under the present 
operating conditions. It is worth noting that this rate is practically independent of 
Oz pressure above 0.3 mm Hg!’. The detailed mechanism of oxidation has been 
discussed by CABRERA AND Mott!4. Refinements are unwarranted at present and 
a direct interpolation of this experimental data is sufficient to correlate with the 
present experiment. 

At temperatures of 1000°C, corresponding to “‘hot spots’’ on the surface, data 
presented by TyLEcoTE?® can be used. Assuming a parabolic growth law y? = kT -- AS 
and the values of k and A given by experiment, a growth rate of 1.3-105 A/sec can 
be computed for a film thickness of 300 A. Unlike oxidation at the bulk temperature, 
the “hot spot’’ thickness increases in spurts. In the present example, using the thermal 
conductivity of copper and a reasonable, but arbitrary shape factor, a “hot spot”’ 
can hardly last more than 100 psec. At this maximum time, the rapid growth rate 
stops after only 13 A of oxide are added per “thermal spike.” 

Using the puncture voltage method of measuring an electrical film thickness, 
the average film for the SA series formed under the above conditions was 220 A. 
These measurements have been checked by electrochemical reduction and the absolute 
value can hardly be in error by a factor of two. The main point to be made as far as 
rates are concerned is that the steady state film thickness cannot be attained at 
any spot on the slip-ring before that spot has borne the brush load many times. 
This is true regardless of whether a “bulk temperature theory’ or a “hot spot theory”’ 
is used to illustrate two extreme approaches. Fig. 4 demonstrates the difference 
between a “bulk temperature” and a “hot spot’? approach. This is a simplified 
diagram which shows two possibilities resulting in a slow net growth of oxide film. 

In either case, the mechanical damage to the film must be less than the oxidation 
occurring between successive load bearing contacts. When this is no longer the case, 
the film has attained a steady state. In examining Fig. 4, one should keep in mind 
that a particular spot on the slip-ring passes beneath a brush each 8.3-10~-8 sec. On 
an average, each spot completes about twenty revolutions between contacts. During 
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each passage, the spot is affected by the electric field and by chemical action associ- 
ated with the brush. This produces a change in slope of the oxidation rate at the bulk 
temperature of the slip-ring. Even in the “‘hot spot’ picture, there is a continued 
oxidation between contacts at the bulk copper temperature. 
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Fig. 4. Comparison of “‘hot spot’’ and “‘bulk temperature’’ oxidation. 


A “bulk temperature theory’’ fits the experimental data directly. However, 
as noted previously, an oxidation picture based on thermal spikes at local “‘hot 
spots’’ and large mechanical wear rates cannot be discarded immediately. To resolve 
this conflict, the computed wear rate of the slip-ring can be used. The “‘hot spot”’ 
approach, combined with the wear rate needed to provide the observed slow increase in 
film thickness, would produce a slip-ring wear rate of 0.003 cm/h due to oxidation 
alone. This is very high for a total slip-ring wear rate from all causes. On the other 
hand, Ruop1n’s data and the ‘“‘bulk temperature theory”’ would predict a wear rate of 
0.00006 cm/h, while the same treatment and MILEy’s data would predict 0.000007 cm/h. 
These rates are more reasonable and, recalling the uncertainties of the information, 
it seems justifiable to eliminate the extreme “hot spot theory”’ for normal operating 
conditions. Slip-ring wear rates of this magnitude are observed in extreme conditions, 
but then the entire process of wear and oxidation probably are different. 

A quantitative picture must lie somewhere between these two extremes. However, 
Fig. 3 shows that the effective temperature should be almost the bulk temperature. 
The data of this experiment show that the oxide layer, formed at the bulk tem- 
perature on a section of the slip-ring untouched by the carbon brushes, averaged 
250 A thick. Thus, no local increase in temperature is required at the brush slip-ring 
interface in order to attain the observed steady state thickness. This information 
places rather narrow limits on the total amount of film destruction which can occur 
during mechanical contacts. Assuming RHODIN’s growth rates, the damage must 
remove less than 0.25 A of CuzO on the average per contact. One consequence of 
these narrow limits is that the overall effect of an electric field at the interface, and 
of electrochemical effects, should be relatively large in this picture. The field due 
to an O~- atom adsorbed on Cu20 is 0.7 V/film thickness in cm14. The effective field 
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due to the contact drop across the interface is equal to about 1.5 V divided by some 
small multiple of the film thickness. 


Variation of oxide film with brush grade 


It was found in the previous section that the bulk temperature was, in all prob- 
ability, the rate-determining parameter associated with copper oxidation in the 
systems studied. Assuming this result, further experiments were conducted to study 
in more detail the effect on the oxide of an electric field at the interface. Apart from 
the direct effect of an electric field on the oxide!4, changes also are produced by the 
resultant electrochemical oxidation and reduction of the oxide due to the current 
flowing through it at “‘b’ spots. Both of these effects are a function of the brush 
structure. 

Fig. 5 indicates the film thickness as a function of brush grade and brush polarity. 
These measurements were made by the puncture voltage method. In addition, Fig. 5 
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Fig. 5. Electrical film thickness of positive and negative track for SA series brushes; the SA number 
is proportional to an increasing number of contact areas. 


shows the average thickness computed from the positive and negative tracks and 
the thickness of the oxide layer formed on the slip-ring in those areas not covered 
by brushes. In all cases, the film formed under the negative brush was thinner than 
the film formed under the positive brush when measured by the dielectric breakdown 
method. There is a particularly strong polarity effect associated with the performance 
of SA-25 brushes. Structure factors as determined by correlating results using the 
puncture voltage method with electrochemical measurements may reveal peculiar 
structure differences as well as thickness differences associated with this effect. 
The present results, however, indicate a strong, field-sensitive, chemical effect that 
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overrides mechanical action. This effect decreased as a function of increasing SA 
number. 

In addition to the variation of film thickness with grade, it also was noted that the 
amount of carbon deposited on the oxide layer varied with grade. In each case, the 
thickest carbon layer was deposited on the negative track. Thickness of this layer, 
as determined from the resistance of the carbon path, was least for SA-25 and 
greatest for SA-59. The carbon layer was deposited only after the negative film had 
attained its steady state thickness. 

In discussing these film results, it is worth while eliminating several effects which 
cannot account for the observed changes as a function of brush grade and brush 
polarity. The first point to emphasize is that these changes cannot be caused by 
mechanical effects alone. Mechanical properties are not influenced by the direction 
of current flow through a contact. The second point is that no correlation exists 
between these curves and the coefficient of friction of either the negative or positive 
brushes. A relationship between coefficient of friction and direction of current flow 
would be very difficult to understand. Finally, there is no correlation between the 
voltage drop across the contacts and the observed results. 

It is more likely that the observed film variations with brush grade and polarity 
are the result of several possible chemical mechanisms acting at the interface of a 
sliding system. To discuss these, it is necessary to keep in mind the three types of 


rk pee) 


true contact areas that exist at a copper—carbon interface: major “‘a’’ spots, ordinary 
“a’’ spots, and true load bearing zones on which the oxide is undamaged during 
contact (‘‘b’’ spots). It is this last type of contact which is of importance in film 
studies. With a pressure of 0.21 kg/cm? applied to an SA-25 brush there are about 
60 such contacts at the interface. With the same pressure applied to an SA-50 
brush there are about 1,200 such contacts at the interface. 

There are at least two possible chemical processes which can occur at these locations. 
The first is either electrochemical reduction or electrochemical oxidation of the 
CuzO layer when moisture is present. The second possibility is a chemical effect due 
to the electric field developed across the oxide layer as a consequence of the contact 
drop between the brush and slip-ring. At temperatures below approximately 100°C, 
an electric field is the primary reason for copper oxidation. The mechanism involves 
the dissociation of Oz molecules on the oxide surface to oxygen ions with a resultant 
potential of 0.7 V with respect to the copper substrata. The contact drop provides 
a similar potential in a sliding contact and, depending on brush polarity, would 
either aid or inhibit copper oxidation". 

These two effects oppose each other. The oxide beneath the negative brush is 
reduced by the electrochemical effect but the growth rate is enhanced as a result 
of the electric field. The converse is true on the positive brush. Furthermore, the 
electrochemical effect can occur only on a load bearing spot since it requires an ionic 
bridge between the sliding members. Both effects are increased as the number of 
load bearing zones are increased, but the rate of increase is not the same. The 
electrochemical effect is directly proportional to the total load bearing area. The 
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field effect is proportional to the same total load bearing area and to the average 
“closeness’’ of the sliding members over areas where actual contact does not occur. 

The field effect across a gap, or a “‘closeness’’ effect, needs to be defined. The 
dielectric constant of CuzO is about 12 (ref. 16) and a typical film (SA series) is 
about 250 A thick. Since a field corresponding to 0.7 V across the film is responsible 
for ordinary low temperature oxidation, it can be assumed that any additional 
field equal to or greater than that due to a potential of 0.1 V across the film would 
appreciably perturb the oxidation rate. If the contact drop from brush to slip- 
ring were 1.5 V (typical), the gap would have to be less than 300 A to be effective. 
This shows that the ‘‘closeness”’ effect can be treated reasonably by assuming that 
the effective area of each load bearing contact is slightly increased. The magnitude 
of the effective increase can be related to various models of the carbon surface. A 
simple and reasonable approach is to assume that surface roughness is inversely 
proportional to the number of load bearing contacts. 

Under this assumption, the area A- associated with the “‘closeness”’ effect becomes 


= 1 (NR) (1) 


The parameter ” is the number of “‘b’” spots. The constant of proportionality fy 
contains several factors. It is an area related first to the basic structure of the brush. 
In addition, since the potential is applied across an air gap, it contains a fraction 
relating the average electric field in the oxide layer to the complete voltage drop. 

These two chemical mechanisms and the assumption just discussed make possible 
a reasonable and direct explanation of the experimental results. This must be done in 
terms of a rate equation since the oxide film attains a steady, nonequilibrium state. 
Let R, be the rate of electrochemical oxidation or reduction in A/sec. 


Ry = hol = baltAarea VT 0) 0 (—1)" (2) 


ko is the constant of proportionality containing Faraday’s constant, I is the current 
flowing through the film (specifically current flowing through a “‘b’’ spot). Aaver is 
the average area of each in cm?, V is the contact drop in volts, T is the thickness in 
angstroms, and ¢ is the resistivity of the film. 6 is 1 if moisture is present and zero 
if the atmosphere is dry. P is plus one for a negative brush and zero for a positive 
brush. The importance of moisture to the operation of carbon brushes has been re- 
ported by RAMADANOFF AND GLAass!” and SAvAGE!8. In terms of the present 
subject the importance of moisture is that it permits an ‘‘ionic conduction path” 
to exist between the sliding solids. The current at a ‘“‘b” spot is limited primarily 
by the film resistance, which is approximately 10° ohms/‘‘b’”’ spot for a CugO film 
about 200 A thick. This is consistent with a resistivity of 10° ohm-cm for CugO. It 
should be noted that this has been measured as a function of polarity and no rectify- 
ing effect has been found. This is not surprising since it would be difficult for a film 
of this thickness to retain any appreciable amount of excess oxygen. However, the 
measurements only apply to films formed by SA brushes. 

Equation (3) illustrates the action of the electric field. 


Re = (V/T)(—1)P +? [(wA aver O-1/Ad) + (hin*/A)] (3) 
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5-1 is zero when moisture is present and +1 if the atmosphere is dry. The parameter 
A is the total area of the brush track and d is the dielectric constant of CuzO. The 
combined effect of electrochemical action and of the electric field in moist air is given 
by eqn. (4). 

[Ri + Re = (V/T) (—1)? [(h2nA aver/0) — (kin?/A)] (4) 
To a first approximation it can be assumed that the displacement of the thickness of 
either the positive or negative oxide layer from the average as shown in Fig. 5 is 
proportional to the combined rate of Ri and Re. Information concerning 7 and Aaver 
is well known only for SA-25 and SA-50. The data can be fit at these two points 
with ki’ = 4-10-16 and ko’ = 6-10-2. The constants fi’ and ke’ relate the displace- 
ment from the average thickness to the remaining parameters in eqn. (4). The relative 
magnitude of hy’ and ks’ is consistent with the assumptions and provides a mathema- 
tical relationship that fits all of the data with reasonable accuracy. In addition to 
the previous assumptions it should be pointed out that this treatment depends upon 
the true contact area being a small fraction of the apparent contact area. 

It is interesting to note the very small variation in the ability of various SA 
brushes to abrade the oxide film. Changes in the average thickness could be ascribed 
unambiguously to mechanical action, but this value is essentially constant. It also 
is worth noting that some parts of this treatment already are inadequate. First, the 
constants ky’ and ke’ required to fit end-points would predict a maximum in the 
effect somewhere between SA-35 and SA-40. There is no experimental indication of 
such a maximum although it can be argued that these data are incomplete. More 
important is the qualitative agreement with the trend of present experimental results. 
This treatment predicts the observed symmetrical variation from an average thick- 
ness, and also the proper behavior as u increases. 


CONCLUSIONS 


In the present experiment the influence of a current-carrying carbon brush on the 
surface chemistry of a rotating copper slip-ring was studied. Although “hot spots”’ 
are known to exist in such a system, the effective temperature controlling the surface 
chemistry was found to be the bulk temperature of the copper. It also was shown 
that current affected the surface chemistry appreciably and that this effect could be 
controlled by modifying the structure of the carbon brush. Finally, the explanation 
advanced to interpret these results represents a reasonable application of previous 
chemical knowledge to the present special case. 
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SUMMARY 


It is shown that the ringing of a wine glass by a wetted finger is due to the fall in yu with increasing 
velocity which occurs at low sliding speeds before full hydrodynamic lubrication sets in. 


ZUSAMMENFASSUNG 
DAS KLINGEN VON WEINGLASERN 


Es wird gezeigt, dass das Klingen eines Weinglases beim Reiben mit einem nassen Finger durch 
die Abnahme des Reibungskoeffizienten mit zunehmender Reibungsgeschwindigkeit verursacht 
wird; diese findet bei niedriger Geschwindigkeit statt vor vollstandige hydrodynamische Schmie- 
rung eintritt. 


INTRODUCTION 


RAYLEIGH! found that when a glass was set ringing by running a moistened finger 
round its rim, the frequency of the ring was the same as that of the sound produced 
when the glass was tapped. He considered that ringing was due to the friction of the 
finger exciting tangential motion in the glass. The mechanism by which such motion 
is caused is described below. 


VIBRATIONS OF THE GLASS 


A wine glass (about 6.5 cm in diameter and 7 cm high, excluding foot and stem) was 
set ringing by very lightly rubbing a moistened finger around its rim and the ring 
recorded with a Ferrograph 3CFN tape recorder and analysed using a Dawe Fre- 
quency Analyser. Log amplitude of signal was plotted against log frequency and it 
was found that the ring had a very strong peak at a frequency of 1150 c/sec and much 
weaker peaks at integral multiples of this frequency (Fig. 1). Harmonics up to the 
sixth have been obtained under favourable conditions. Tapping the glass with a pencil 
gave a sound with its main frequency peak again at 1150 c/sec but with subsidiary 
peaks at about 2500 and 4500 c/sec; these frequencies were not integral multiples of 
1150 (Fig. 1). When the glass was got ringing with water in it, the surface of the water 
was disturbed, and maximum disturbance occurred at four nodal positions whereas 
the point of excitation was at an antinode. Thus the main ring vibration corresponded 
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to the simplest possible flexural vibration. When ringing was produced with a wet 
rubber exciter, the second, third or even fourth harmonic rather than the fundamental, 
could be produced by suitable manipulation of the rubber. Other glasses behaved in 
the same way ; the major ring frequency was practically the same as that of the funda- 
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Fig. 1. Frequency spectra of ring, and of sound emitted by struck glass. 


mental radial vibration, and the other ring frequencies were integral multiples of the 
fundamental ring frequency, whereas the frequencies of the radial overtones were not 
integral multiples of the frequency of the major radial vibration. 


FRICTIONAL BEHAVIOUR 


The friction F between a rubber exciter and a rotating glass was measured by 
mounting the exciter at the free end of a swinging arm and restraining the rubber 
from moving with the glass with a spring balance. Weights could be added to the arm, 
and the glass was mounted on a turntable which could be rotated at speeds of 0-500 
rev/min. 

If the rubber was dry the coefficient of friction “ was very high and the dynamic 
friction was greater than the static and increased slightly with increasing velocity and 
no ringing occurred. When, however, water was used as a lubricant, the dynamic 
friction was less than the static and at first fell with increasing velocity, reached a 
minimum and then tended to rise again slightly (Fig. 2). Ringing occurred on the 
descending limb of the /v curve, not being audible until the velocity had reached a 
certain value, increasing in loudness slowly to reach a constant value and then ceasing 
abruptly a little to the left of the minimum in the p/v curve. A similar /velocity 
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variation was observed when a silicone oil of 0.65 c/sec viscosity was used, and again 
ringing occurred only on the descending part of the curve. The y of oils of 50 and 500 
c/sec, however, appeared to rise with increasing velocity except perhaps at very low 
speeds where only minute vibration was possible in the glass, and no ringing was ever 


observed with these oils. 


; Mes ni Z : ; 
The y/velocity curves are similar to the wu lp curve of journal bearings (7 the vis- 


cosity, P the load) : presumably at low speeds imperfect hydrodynamic lubrication is 
occurring, then as the speed increases conditions for such lubrication become more 
favourable and y falls until at higher speeds work done in shearing the viscous film 


becomes important and the y rises slowly. 
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Fig. 2. Variation of uw and of ring intensity with speed. 


MECHANISM OF RINGING 
As the glass is inextensible, radial motion at the nodes during ringing requires circum- 
ferential motion at the antinodes and this, to a first approximation, can be considered 
to be simple harmonic. The oscillatory velocity superimposed on the rotational velo- 
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Fig. 3. Variation of friction and of tangential displacement and relative velocity of antinode 
during one cycle. 


city is therefore also simple harmonic and z/2 out of phase with the displacement. In 
Fig. 3 the variation of the frictional force F with the vibrational velocity % and dis- 
placement « is shown for the case 4 = 0 when x = o. It can be seen that each time the 
glass passes forward through the equilibrium position it is subjected to a relatively 
large frictional force dragging it in the direction of sliding, whereas on the return stroke 
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it is subjected to a much smaller frictional force tending to damp out the vibration, 
and so the oscillations of the glass are maintained. If % > 0 when x = o the vibrations 
will in general be in unstable equilibrium, for unless the work done in maintaining the 
vibrations is precisely equal to the losses the vibrations will either die away or increase. 
In the latter case the vibrations will not build up to such an extent that % becomes 
negative when « = o for once * < o further and relatively large frictional losses are 
suddenly introduced. Thus in the equilibrium condition % = 0 when x = 0, 1.e. as 
the glass passes forward through the equilibrium position it is momentarily at rest 
with respect to the opposing surface. 

Ringing might have occurred at lower speeds than those observed but not have 
been loud enough to register on the analyser. Presumably at low speed the glass, 
vibrating at about 1000 c/sec, can only oscillate through small amplitudes, for other- 
wise it would oscillate at speeds greater than the sliding speed, with a consequent 
damping out of vibrations. As the sliding speed is increased the amplitude of vibration 
can increase correspondingly with a consequent increase in loudness of ring. 
Eventually, however, the relative sliding speed reaches the flat part of the minimum 
of the w/v curve; no more energy becomes available if the velocity is then increased 
slightly and the relative velocity does not fall to zero as the glass passes through 
its equilibrium position so that the energy input per cycle falls and because the 
uv curve is very steep near the origin, much less energy is fed in in the following 
oscillation and so on, and the oscillations die out very rapidly. The amplitude of 
vibration of a struck glass was found to be about 2 - r0~3 cm, in good agreement with 
the calculated amplitude for a 1000 c/sec ring for a rotational speed of 30 rev/min 
when the intensity of the ring was the same as that of the sound from the struck glass. 

Because of the variations in friction during a cycle the motion of the antinode will 
be not quite sinusoidal. The actual vibration will be advanced in phase compared with 
the sinusoidal vibration shown in Fig. 3, and by a greater amount when the glass is 
moving in the direction of rotation than when moving in the opposite direction. The 
corresponding sound emitted is resolved by the Analyser into a series of Fourier 
components #1, Jz etc. 

The above conclusions can be drawn by consideration of the equation of motion of 
the antinode, viz. m¥ + ¢ (¥—v) + Kx =0, where m is a mass, K related to the 
stiffness of the glass and v the velocity of the glass in the absence of ringing. This non- 
linear equation can be reduced to the form * + ¢ (K’%) +%* = 0, which has been 


discussed in some detail (e.g. reference 2). 
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INTRODUCTION 


The difference between highly elastic materials and hard solids lies in the small elas- 
ticity modulus, which facilitates the formation of the actual contact area under load. 

Being a highly elastic material, rubber is characterized by great mobility of the 
polymer chains. These considerations were the basis of the molecular-kinetic theory of 
the friction of dry vulcanized rubber of any roughness against hard smooth surfaces}, 
the latter being hard surfaces with the average height of micro-roughness comparable 
with the mean square length of the polymer chain in vulcanized rubber. 

The solid surfaces in contact with the vulcanized rubber may be considered smooth 
enough if the micro-roughnesses do not exceed 10-5 or 10-6 cm. Mechanical interlock- 
ing may be negligible in the process of friction on such surfaces, and the friction force 
may be then attributed to the molecular adhesive forces acting on the actual contact 
area. 

Well polished steel and other metal surfaces are practically smooth solid surfaces, 
as also are glass and certain hard high molecular weight amorphous bodies. Goods 
made of vulcanized rubber and other highly elastic materials used in engineering 
come into contact as a rule with well treated smooth surfaces of the hard solid. 

The friction law, as it is usually called, is a mathematical relation between friction 
force and normal load. Different empirical and theoretical relations which do not 
coincide with each other have been proposed for vulcanized rubber; this fact makes 
their use more difficult. 

As the friction (kg) is dependent upon the nominal contact area, it is more con- 
venient to use specific friction force / (kg/cm2), related to the nominal area: normal 
load P(kg) is to be expressed in terms of the nominal normal pressure p (kg/cm?) 
(ff = {Sy, P = pSy), where Sw is the nominal contact area. 


EXPERIMENTAL LAWS OF RUBBER FRICTION 


HURRY AND Prock? have investigated the steady sliding friction of hard vulcanized 
rubber on a smooth steel surface in the pressure range from 0.05 to 10 kg/cm?. From the 


* The Editor is indebted to R. H. NorMAN of R.A.P.R.A. for correcting the English of this article. 
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data given in Fig. 1 it can be seen that a linear relationship exists between friction 
force and normal load, in accordance with Coulomb’s law f = a + bP orp = b+a/P. 
The authors have noted that it is impossible to measure the real static rubber friction. 


p (kg/cm?) 


Fig. 1. Dependence of the friction force of vulcanized rubber on steel upon normal pressure 
(according to HURRY AND PROCK?). 


On these grounds they determined the friction force at a given slow sliding velocity. 

THIRION3 studied the friction in the range of high loads. Soft rubbers were investi- 
gated for steady sliding friction on glass surfaces in the range of pressures from 3 to 20 
kg/cm? with a sliding velocity of 1 mm/min. The results of measurements (given in 
Fig. 2) show that inapplicability of Coulomb’s law. In this connection THIRION 
proposed another friction law, 

t/u = a+bp (z) 

where wu is the coefficient of friction. 

The same data but in the different co-ordinates are shown in Fig. 3. 

The data fall on the straight line, thus confirming Turrion’s formula. However, in 
the case of small loads THIRION observed that the experimental points deviate down- 
wards from the straight line. 


F (kg) 


f (kg/cm?) 


p (kg/cm?) p (kg/cm?) 

Fig. 3. Dependence of the inverse coefficient 

of friction upon normal pressure according to 
to data given in Fig. 2. 


Fig. 2. Dependence of the specific friction 
force of the soft vulcanized rubber on glass 
upon normal pressure (according to THIRION®). 


Further, DENNy4 showed the applicability of Turrion’s law to the friction of a 
great number of elastic polymers on lubricated hard surfaces at loads up to 100 kg/cm?. 
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FORMULAE DEDUCED FROM VARIOUS ASSUMPTIONS 


It is known that, for hard bodies, the friction force depends upon the actual contact 
area. The latter, even at high loads, is only a small part of the nominal area. 

SCHALLAMACH proceeds from the proportionality of friction force to the actual 
contact area: F = CS, examining vulcanized rubber in contact with a smooth hard 
surface and applying Hertz’s formula to the deformation of the rough rubber sur- 
faces (he took, as a model, the elastic deformation of hemispherical projections). This 
leads to the relationship S = A P2/3, for small loads; at high loads it givesS +o, i.e. 
to physically incorrect results. 

For friction force we have F = BP2/3, where the constant is dependent upon the 
elastic properties of the vulcanized rubber. The coefficient of friction will be 


wu = BP-¥3 (2) 


This formula does not conform with the experimental formulae of CoULOMB and 
THIRION. 

As previously shown®’?, the vulcanized rubber friction law is expressed by the 
binominal F = cS + c’P, where S is the actual contact area, P is the normal load and 
c and c’, are constants; the second constant takes into account the effect of load on the 
adhesive forces. For pressures from 0 to 100 kg/cm?2, which are much smaller than the 
adhesive forces between vulcanized rubber and hard bodies, 104 kg/cm?2, the second 
term may be neglected. The friction law is simplified and / = CS, where C is a con- 
stant, which depends upon the test conditions: temperature and sliding velocity. 

Thus, the dependence of the friction force upon the load is in the multiplier S and it 
is therefore determined by the mechanical and geometrical characteristics, by the 
material elastic constants, and by the surface relief and sample size’. 

The actual contact area at small loads is given by 


S=So+a(Sn—So)p 


where So is the actual residual contact area at / + 0, dependent upon the vulcanized 
rubber hardness, time of the previous contact, grinding, and other test conditions, and 
«isa constant, depending upon the elasticity modulus of the vulcanized rubber. Under 
greater normal loads the real contact area tends to a certain limit, close to the nominal 
contact area Sy. 

The simplest relation® which satisfies these conditions at the limits is 


So/Sn + ap 
Ik ap 


S = 5. 


Taking this into consideration we have the following friction law formula 


So/Sn + ap 
Tocthiop 


F = CSy 


The inverse value of the coefficient of friction is expressed by the formula 


ae: Hie 0.413 


po NE GE BaSup (4) 
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The expressions (3) and (4) agree with the experimental formulae. In the small load 
region, when # << 1/«, formula (3) turns into Coulomb’s formula 


Ss 
F = CSo+.00Sy (: : =) p . (5) 
Sy 


In the high load region, when £ >>So/aSy, the formula (4) becomes 


I 2 


1] =— + =P (6) 


which is similar to Thirion’s formula. 

Thus, at the small loads the formula (3) turns into Coulomb’s formula, and at the 
greater ones into Thirion’s formula. The experimental investigation confirmed this 
conclusion. The investigation in the large load range from 1 to 200 kg/cm? is described 
below. As has been shown’: the formula proposed in ref. 8 does not agree with experi- 
ment, and thus is not examined here. 


RESULTS OF THE INVESTIGATION OF THE FRICTION OF VULCANIZED RUBBER OVER A 
WIDE RANGE OF NORMAL LOADS 


The friction force was measured both at the initial visible displacement (conventional 
static friction) and at the steady friction attained with a given sliding velocity 
according to the methods of RotH, DrIscoLt AND Hort!°. 

The vulcanized rubbers (based on SKN-18 and SKN-26) with hardnesses as 
given in the Table I, were used as test samples. Well polished steel and aluminium 
plates (purity class 12-13) served as sliding surfaces. Further these plates are consid- 
ered to be smooth. 


TABLE I 
Kselemesied 1ibee Shore hardness Temperature °C C kg/cm* cm?/kg So% 
SKN-18, aluminium 68 23 37 0.017 O.1 
SKN-18, aluminium 68 65 15 0.020 1.4 
SKN-26, steel 56 23 BY 0.023 3.0 
TE. 


SKN-26, steel 45 23 15 0, Rat 


The initial friction was measured at the displacement velocity of too mm/min and 
corresponded to the conventional static friction, and depended upon the grinding and 
the time of the preliminary contact (3 min in our tests) and other factors. Before each 
test the hard surfaces were washed with acetone and petrol. After this process the 
test samples were ground, always using the same method. 

The relation between specific friction force and normal pressure for vulcanized 
rubber SKN-26 is shown in Fig. 4. A linear dependence exists at small loads (Cou- 
lomb’s law). At large loads the friction force tends to a certain limit. 

In Fig. 5 the same data are given in the co-ordinates I/u, p. In the range of large 
loads from 20 to 200 kg/cm? the points are on the straight line, thus confirming 
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Thirion’s formula. The deviation of the data from the straight line downwards is 
observed in the small load range, owing to So not being zero. The continuous curve is 
drawn according to formula (4) with the values of the constants given in Table I. The 
data for the steady friction of vulcanized rubber are given in the same figure, the 


0 50 100 150 200 
p(kg/cm ?) 


Fig. 4. Dependence of the specific friction force of the vulcanized rubber SKN-26 on steel upon 
normal pressure at 23°C. 


sliding velocity being 0.025 mm/min. The measurements of steady friction with the 
velocity of 100 mm/min lead to similar relations. 

The results of the measurements of the friction force of the vulcanized rubber 
SKN-18 on aluminium at 23° and 65° are given in Fig. 6. 


50 100 150 200 


10) 50 Oo 50 100 
p( kg/cm?) 
Fig. 5. Dependence of the inverse friction coefficient of the vulcanized rubber SKN-26 on steel 
upon normal pressure: (1) at the steady sliding velocity (0.025 mm/min) according to the data of 
V. D. StporENKO, (2) at initial displacement at roo mm/min. 


Thirion’s formula can be applied in the range of large loads. The deviation from the 
straight line with decreasing load is observed earlier at the higher temperature. 

The curves are drawn according to formula (4) with the constants given in Table I. 

The constants C and « were determined from the slope of the straight line and the 
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value of the intercept on the y-axis (Fig. 5—6). The value So was determined from the 
extrapolation of the linear plot to the y-axis (Fig. 4). The constants are given for 
normal loads and friction forces, measured in kg/cm2, So is given as a percentage of Sy. 

As was expected!, the constant C decreases with increasing temperature due to the 
increase of the vulcanized rubber chain mobility. The constant «, a value inverse to 
the static modulus of vulcanized rubber, increases with temperature due to the vul- 
canized rubber softening. The residual contact area So increases with increasing tem- 
perature and with decreasing vulcanized rubber hardness. 


10 1.0 
; 
|b m 
2) 0.5|— 
a 
10) 50 100 150 0.5 10 
p(kg/cm?) p (kg/c! 7?) 
Fig. 6. Dependence of the inverse conven- Fig. 7. Coefficient of friction as a function 
tional static friction of the vulcanized rub- of normal pressure according to the data 
ber SKN-18 on aluminium upon normal givenin Fig. 4 in the followingco-ordinates 
pressure at (1) —23°C, (2) —05°C. ne 


The constant C for SKN-26 at the high sliding velocity is greater than at the lower 
one, this fact being in agreement with theory!?. 

The constant « is greater for soft rubbers and smaller for hard ones, being in agree- 
ment with the assumption that this constant increases with decreasing elastic modulus. 
For p << t/a it is deduced that the harder the vulcanized rubber the better the 
agreement with Coulombs’ law. 

Thus, the test results of initial and steady friction confirm the correctness of the 
formulae (3) and (4) in the whole range of the loads. 

To verify Schallamach’s formula, the experimental data given in Fig. 7 are drawn 
in the co-ordinates where a linear dependence should be observed. 

The existence of the curvilinear dependence shows that this formula cannot be 
accepted as the law of friction of vulcanized rubber. 

It is shown by experiments4!!, that Thirion’s formula is correct also for highly 
elastic material friction on lubricated surfaces. This confirms the fact that the analy- 
tical form of the friction law is determined in general not by the nature of friction, 
but by the formation of the real contact area under load. Therefore, the friction law is 
determined mainly by the mechanical properties of the highly elastic materials and 
by the geometry of the contacting surfaces. 
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CONCLUSIONS 


The investigation of the law of vulcanized rubber friction on smooth hard sur- 
faces over a wide range of normal pressures from I to 200 kg/cm? has shown that 
Coulomb’s formula applies in the small load region, and Thirion’s formula in the 
region of larger loads. This conforms with the formula proposed earlier by one of the 
authors; this formula becomes the Coulomb’s formula at small loads and Thirion’s 
formula at large loads. 

Schallamach’s formula has a physical meaning but is not confirmed experimentally. 
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ON THE NATURE OF SOLID FRICTION 


A CONFERENCE REPORT* 


GORDON E. GROSS 
Physics Section, Midwest Research Institute, Kansas City, Mo.(U.S.A.) 


(Received February 6, 1961) 


The conference, its scope adequately described by the title, provided two and a half 
days for the presentation and discussion of only eleven formal papers**. This liberal 
timing encouraged quite lively discussions on all papers. One facet of the meeting 
which is not apparent on the formal program was the attendance of RAGNAR Ho.m, 
whose original work on electrical contacts supplied the impulse for many of our present 
friction efforts. Dr. Horm’s comments helped to develop many of the points brought 
out in the discussions which follow. 

To those who have not participated in discussions or actual research in this area, the 
entire phenomenon of friction is described and given a final disposition in two simple 
rules or laws: (1) frictional resistance is proportional to the load borne by the surfaces 
in contact; and (2) it is independent of the area of the sliding surfaces. 

These laws were clearly expressed and experimentally verified by Da Vincr near the end of the 
fifteenth century and were rediscovered by AMONTONS in 1699. AMONTONS only ennunciated the 


“‘area independence”’ and normal force dependence rules, while COULOMB in 1781 delved into the 
source of friction and concluded that it was due to interlocking of surface asperities. It is quite 


interesting that much of the work reported in this meeting aimed at obtaining better theoretical 
bases for these century-old laws, and that little need has arisen for pronounced changes in them. 


In the opening paper of the meeting, A. Bartry surveyed the recent solid friction 
studies at Cambridge***. One section of this paper covered a study of the effect of 
hysteresis losses on rolling friction. That this loss mechanism contributes to rolling 
friction is the basis of most theories on this subject. However, Miss BAILEY showed that 
the use of hysteresis factors obtained from simple torsion or tension cycles was not 
justified for the complex deformation suffered in a rolling contact. By considering the 
complex shear—compression effects expected under a rolling contact, a theory was 
developed which gives quantitative agreement with experimental results. 


* Report of an International Conference held at Midwest Research Institute, Kansas City, Mo., 


September 26-28, 1960. 
** To be published in the J ournal of Applied Physics. 
*** For similar Review articles, original contributions and Abstracts 


Index sections of Wear, Vols. 1-3 (1957-60). 


already published, see 
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The last section of Miss BAILEY’s paper was the most pertinent to the nature of 
friction in the sense of relative motion between solids. Here, the surface stresses and 
surface contamination were used to develop a workable welding theory for metallic 
friction. 

The real contact area between two clean surfaces will grow until the product of area x yield stress 
is sufficient to bear the existing normal load. Now, if a sliding effort (tangential stress) is exerted, 
the area of these contacts (actually welded in clean metals) will grow. If the tangential stress 
continues to increase, the junctions will grow until the entire surface is in contact. While this seems, 
paradoxically, to yield abnormal friction coefficients, it was shown that contamination which 
lowered the interface strength only 5 % would result in the friction coefficient decreasing to near 


unity. The role of this contamination is to lower the critical shear stress of the interface and limit 
the growth of contact area which may precede gross sliding. 


A paper by J. F. ARCHARD seemed to be in some contrast to that by BAILEY in that 
ARCHARD concluded that welds were rare. However, this becomes somewhat of a 
semantics problem as one may choose to call any shear-resisting adhesion a weld. 
Crossed cylinders were rubbed together in a single-pass experiment to give the friction 
effect of single encounters of single contacts. For such contacts Amontons’ rule does 
not hold. A model study using various arrays of multiple, spherical, elastic contacts 
shows that for many contact surfaces the rule does hold. In differentiating between 
friction and wear, ARCHARD described wear as stemming from asperity encounters in 
which a particle is formed. The formation of a wear particle is probably a result 
of multiple encounters where a fatigue-like action serves to fracture the asperity from 
the bulk material. Reflection electron microscopy showed that many smooth asperi- 
ties actually carry their share of the load without plastic deformation. This can occur 
whenever an asperity protrudes little enough that it may be depressed to the mean 
surface level before reaching its elastic limit. 

The attempts to study friction under increasingly idealized conditions were exem- 
plified by the papers presented on the afternoon of the first conference day. D. G. 
From read the first paper of this session describing a very ingenious experiment by 
R. H. SAvaGE. This experiment made use of a diamond probe which was ground to 
serve as the objective lens of a microscope. Thus it was possible to observe the progress 
of wear on single crystals of graphite as the probe passes over them. In a motion 
picture accompanying the paper thin crystalline layers were shown as they were torn 
from the main crystal by the probe. The interference fringes produced by reflections 
between the lens and crystal surface permitted direct measurement of the height and 
shape of crystal plane steps and also, to some degree, of the depth of the wear track. 
The second paper of this session described F. R. RoLiins’ work on the effect of 
atmosphere on friction in graphite. Graphite whiskers (about 2-5 in diameter with 
radial C-axis) were subjected to sliding contact as crossed cylinders in vacua of the 
order of ro-® mm Hg. A measurable decrease in shear strength of crossed whisker 
contacts was observed when either water vapor or oxygen was admitted to the system. 
Adsorption upon crystals probably takes place in a regular manner}, filling incomplete 
planes first. Therefore, the argument by Rottrns that the decrease in friction may 
result from surface smoothing by this layer completion process is quite plausible. 
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This and other evidence offered show that the atmosphere-induced friction changes in 
graphite are due to surface changes rather than to changes in bulk properties of the 
material. This conclusion supports* the work of JoHNson, LAvIK, GROSS, AND 
VAUGHN?2:3 in which the surface effects of adsorbed sulfur on MoSg friction were 
studied. 

This session was closed by A. BAILEY with a report on the friction and adhesion of 
molecularly smooth surfaces. Cleaved mica sheets were bent to give the effect of 
crossed cylinders and silvered to aid interferometric studies of the contact area. 
Sliding of these surfaces produced wear particles which were said to originate at local 
weak spots in the otherwise ideal surfaces. This was a contrast to SAVAGE’s wear 
particles which originated at steps in the crystal surface. In connection with this work 
BarLey also measured the cohesion energy of mica by cleaving specimens. This 
energy (~ 300 erg cm2) was found to decrease only some 15"), after rehealing even in 
air. From the rather active discussion following this paper it may be concluded that 
the decrease in cohesion energy is due to several equally probable causes: (I) lattice- 
mis-matching on rehealing; (2) air gases which remain entrapped within the cleavage 
plane; or (3) water vapor in a similar entrapment. All these can be expected to con- 
tribute to the effect, but the latter, water vapor, should cause the least effect as the 
cleavage energy for water layers is nearly equal that of mica. 

The second day was opened with a report on friction and lubrication in polymers. 
C. RUBENSTEIN used nylon and glass fibers rubbed belt-like against a cylindrical glass 
shaft. The action of lubricants on polymers was seen to depend on whether they pene- 
trated the polymer or not. For those which penetrate, the change in friction was cre- 
dited to changes in bulk mechanical properties of the fiber rather than to interface 
effects. Where no penetration occurred, lubrication was of little value. The latter is’ 
not too surprising because of the small difference in the shear strength of the polymer 
contact and the lubricant. One point of difficulty in working with the materials such 
as nylon and glass is that their low thermal conductivity may permit unexpectedly 
large temperature changes. These changes might account for the velocity dependence 
of the friction mentioned in this paper. 

The value of the often stated relation, friction equals shear strength divided by 
hardness, was challenged by Raprnowicz in his paper relating surface energy to 
friction and wear. In an attempt to increase the opportunity for physical insight in 
friction theories, he treats the friction in terms of surface and interface energies of the 
rubbing materials. This approach yields a qualitative relationship between the fric- 
tion and the ratio of cohesion energy to hardness which was well demonstrated by 
experimental data for lead on lead and steel on steel. Actually, a general test of the 
relationship was not immediately available because of the uncontrollable and un- 
measurable (during sliding) nature of the surface roughness and junction radii. To 
circumvent this difficulty RaBinowrcz developed a relationship between wear par- 
ticle size distribution and surface energy. Thus, through wear particle size studies, he 
was able to measure the ratio: cohesion energy/hardness as needed to demonstrate the 


* See, however, G. W. Rowe, Wear, 3 (1960) 283 (Ed.) 
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role of this ratio in friction. In achieving his friction theory, RABINOWICZ also carried 
out an excellent wear particle study. 

The promotion of wear by reciprocal sliding was reported by Y. TAMAI. Here the 
electrical contact resistance of the sliding surfaces (at the pivot of a specially designed 
pendulum) was shown to relate to the build-up of wear debris rather than to the fric- 
tional forces as in unidirectional sliding. This does not seem too surprising as the wear 
in reciprocal sliding was shown to be much greater than in the unidirectional case. 
One might well expect the resulting larger accumulation of wear debris to obscure 
completely the ordinary metal—metal contact resistance. 

The subject of subsurface deformation losses was raised again by D. G. FLom in a 
paper describing rolling friction of several polymers. This work showed that the losses 
in rolling friction were due to bulk properties while surface effects made no measur- 
able contribution. Even when lubricants were applied to the rolling balls and ball race 
used in his apparatus4, no marked changes occurred. However, when the crystallini- 
ties of the specimens were modified by temperature change, pronounced changes in 
loss factors occurred. Similarly, strong changes occurred with changes in plasticizer 
in certain materials. 

R. T. Spurr reported a study of friction where pitch was used as the rubbing 
material. This approach provided a material whose static and dynamic properties 
could be readily measured by forces and at temperatures both of which are particu- 
larly easy to maintain in the laboratory. This experiment gave excellent agreement 
with the frictional behavior generally observed for nonmetals even to demonstrating 
the breaking of welded contacts by elastic recovery upon removal of the normal load. 

The papers presented at this meeting showed an encouraging trend toward the 
treatment of friction in terms of the microscopic properties of solids (e.g., lattice 
binding energy, valency, crystal orientation, and contribution of surface defects). 
Much previous work and some of the present has centered on macroscopic properties 
such as elastic constants, shear strength, and surface configuration. The newer, 
microscopic approach promises to make use of the well developed theoretical structure 
which has evolved from electronic solid state research. 
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The Visco-elastic Behaviour of Lubricating Oils under Cyclic Shearing Stress 


A. J. BARLow AND J. Lams - Proc. Roy. Soc. (London), A 253 (1959) 52-69; 9 figs., 
4 tables, 24 refs. 

The shear mechanical impedance of three base-stock lubricating oils has been meas- 
ured as part of an investigation into the influence of relaxation behaviour on lubri- 
cation. The oils selected were of high, medium and low viscosity index. 

Measurements of the mechanical impedance have been made for frequencies of the 
cyclic shearing stress in the range 6 to 78 Mc/s: it was found possible in effect to 
extend this frequency range by equivalent variation of the temperature and pressure 
of the oil under test. Thus, all the experimental data for a given oil are reduced to a 
single universal curve for each component of the complex shear modulus, G. This 
information is then analysed in terms of a relaxation spectrum. The practical and 
fundamental aspects of these results are discussed. 

In addition, results are given for a range of polydimethylsiloxane (silicone) liquids. 


Wear, 4 (1961) 165 


Power Loss and Operating Temperature of Tires 


R. D. StrenLer, M. N. STEEL, G. G. RicuEy, J. MANDEL AND R. H. Hosss — /. 
Research Natl. Bur. Standards, 64 C (1960) 1-11; 9 figs., 12 tables, 6 refs. ; discussion. 

The power loss of pneumatic tires was measured under steady-state conditions by 
means of two dynamometers, one of which measured the total power input and the 
other power output. A steel wheel was used to measure the power loss in the equipment 
and in windage. The power required to flex the tire (input power minus output power 
minus equipment and windage losses), was not affected by the tractive effort (output 
power). The coefficient of rolling resistance, a dimensionless quantity, was calculated 
by means of the equation: K = (P/SL), where P is power loss of tire, S is speed, and 
L is load. This coefficient increased at an increasing rate with the slip angle (angle 
between plane of tire and direction of travel) and was approximately doubled at an 
angle of 2 degrees. 

The change in R with speed varied and appeared to depend on construction of the 
tire. Both nylon and steel wire truck tires exhibited a decrease in R with speed, rayon 
truck tires showed either no change or a linear increase in K with speed, and for pas- 
senger car tires R increased at an increasing rate with speed, particularly for a rayon 
tire. R increased with load for all but the steel wire tire. The change in R with inflation 
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pressure was studied only for rayon truck tires. R increased linearly with the reciprocal 
of the pressure but the rate was dependent on the speed and load conditions. 

The type of rubber had a pronounced effect on X and combinations of natural and 
styrene—butadiene rubber caused R to be larger than expected from the values of R 
for tires made from a single rubber. Varying the type of carbon black in the treads of 
truck tires had no effect on Rk, but SAF black in passenger car tires caused F& to be 
larger than that when HAF black was used. Because of constructional differences, no 
conclusions on effect of cord could be drawn. However, 7 for a steel wire truck tire 
was the lowest observed, and the values for rayon tires were lower than those for 
nylon tires except at high speeds. 

The temperature rise of the air in the inner tube was found to be related to the 
power loss by the relation: AT/P = G + H/(SL)°-8, where G and H are parameters 
dependent on the thermal resistance of the rubber compounds and of the interface 
between tire and air or roadway, respectively. The ratio A7/P remained essentially 
unchanged by changes in inflation pressure and did not appear to be affected by the 
type of cord. 
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Systematic Abstracts of Current Literature 


Selected from the literature and from Battelle Technical Review 1960 


I. DEFORMATION AND FRACTURE 


1.1 Tensile Properties, Damping and Heat 
Flow 
High-Temperature Mechanical Properties of 
Tantalum. 
F. C. Holden, F. R. Schwartzberg and R. I. 
Jaffee. Paper from Symposium on Newer 
Metals, Special Technical Publication No. 
272, ASTM, 1959, pp- 36-55. 
Recrystallization, tensile, and creep-rupture 
behavior of high-purity Ta and two intersti- 
tial-containing Ta alloys were determined. 
After a 75% cold reduction, Ta was complete- 
ly recrystallized on annealing 1h at 1200 C; 
this temperature was increased slightly by 
adding 560 p.p.m. O. The influence of inter- 
stitials in causing discontinuous yielding could 
be correlated with diffusivities. The moderate 
(25,000 to 32,000 lb./sq.in.) tensile strength of 
unalloyed Ta can be increased by cold work- 
ing and by minor additions of interstitials. 
The creep resistance of Ta is increased by 
interstitial additions at short times and 
moderate temperatures, but is relatively un- 
affected at higher temperatures and longer 
times. Cold work remains effective in strength- 
ening Ta up to 750°C. 


Tensile Properties of the Platinum-Group 
Metals. 

F. C. Holden, R. W. Douglass, and R. I. Jaffee. 
Paper from Symposium on Newer Metals, 
Special Technical Publication No. 273, ASTM, 
1959, pp- 68-79. 

Tests were conducted on Ru, Rh, Pd, I, and 
Pt over a range of temperatures from —196° 
to ro00°C. Evidence of twinning and recrys- 
tallization was observed for most of these 
metals, the maximum temperature for 
twinning ranging from 25°C for Pt to 1000°C 
for Ru. A plot of tensile strengths versus 
homologous temperature showed that Ir, 
Rh, and possibly Ru are considerably 
stronger than Pd and Pt. 


Relaxation Phenomena In Lubrication. 

E. O. Forster. Lubrication Eng., 16 (1960) 
523; 5 figs., 2 tables. 

Calculations indicate that for piston rings to 
ball bearings in turbo-jet engines loading 
times range from about 10~? to 10-® seconds. 
If the times during which the lubricant is 


subjected to rapid stressing is of the same 
order of magnitude as the relaxation time, 
the time in which the elastic properties be- 
come apparent, then the lubricant will 
behave elastically rather than viscously. 
Under these conditions, the lubricant will be 
present as an elastic film which can carry 
heavier loads than a viscous film and at the 
same time can prevent contact between the 
bearing surfaces and thus reduce or eliminate 
wear. 


Measurements of Heat Transfer and Friction 
Coefficients for Helium Flowing in a Tube at 
Surface Temperatures up to 5900°R. 
Maynard F. Taylor and Thomas A. Kxirch- 
gessner (NASA). Presented at the ARS Semi- 
Annual Meeting, San Diego, Calif., June 8-12, 
1959. Reprint from J. Am. Rocket Soc., 30 (9) 
(1960) 830-832; 889-892. 

Measurements of average heat-transfer and 
friction coefficients and local heat-transfer 
coefficients were made with helium flowing 
through electrically heated smooth tubes 
with length—diameter ratios of 60 and g2 for 
the following range of conditions: Average 
surface temperature from 1457 to 4533 R, 
Reynolds number from 3,230 to 60,000, heat 
flux up to 583,200 B.Th.U./h/ft. of heat- 
transfer area, and exit Mach number up to 
1.0. The results indicate that, in the turbulent 
range of Reynolds number, good correlation 
of the local heat-transfer coefficients is 
obtained when the physical properties and 
density of helium are evaluated at the sur- 
face temperature. The average heat-transfer 
coefficients are best correlated on the basis 
that the coefficient varies with (1 + (L/D~°-’) 
and that the physical properties and den- 
sity are evaluated at the surface temperature. 
The average friction coefficients for the tests 
with no heat addition are in complete agree- 
ment with the Karman-Nikuradse line. The 
average friction coefficients for heat addition 
are in poor agreement with the accepted line. 


1.2 Fatigue and Fracture 
Effect of Fiber Orientation, Temperature 
and Dry Powder Lubricants on Rolling Con- 


tact Fatigue. 
W. J. Anderson and T. L. Carter. ASLE 
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Trans., 2 (1) (1959) 108; 13 figs., 3 tables, 10 
refs. 

The rolling contact fatigue spin rig was used 
to study the interrelation of fiber orientation 
and fatigue. In both balls and specially 
oriented races, a concentration of fatigue 
failures was observed in regions with the 
highest angle of intersection of fiber flow lines 
with the surface. In one race specimen fewer 
failures per unit area were obtained with in- 
creasing distance front the billet axis so that 
variations in cleanliness in the race may have 
been important. Further tests are necessary 
to determine the actual importance of clean- 
liness. In races, increase in fiber orientation 
angle also resulted in poorer fatigue life. The 
fatigue life of M-1 tool steel balls decreased 
with increasing temperature when using a 
synthetic lubricant, and was low with dry 
powder lubricants at 450° F, possibly owing to 
the lubricant particles acting as mechanical 
stress raisers within the contact zone. 

See also abstract, Wear, 2 (1958/59) 76 and 
491. 


A Study of Some Factors Affecting Rolling 
Contact Fatigue Life. 

Thomas L. Carter. NASA Technical Report 
R-60, 1960. ul, 48 pp., tabs., diagrs., photos. 
GPO price, $0.50. (Supersedes NACA TN 
3925; 3030; 3933; 4161; 4163; 4216; and 
NACA RM E57K12). 

The rolling-contact fatigue spin rig was used 
to evaluate the effect on rolling-contact 
fatigue life of the following factors: stress, 
forging, fiber orientation, lubricant viscosity, 
lubricant base stock, temperature, dry- 
powder lubricants, metallurgical structure, 
and alloy composition. Ball specimens of 1/2- 
or 9/16-inch diameter were tested at loads 
producing maximum theoretical Hertz com- 
pressive stresses of 600,000 to 750,000 lb./sq. 
in. Results reported herein showed that each 
factor studied had a definite effect on rolling- 
contact fatigue life. 


Fatigue Damage under Varying Stress Ampli- 
tudes. 


H. W. Liu and H. T. Corten (University of 
Illinois). NASA Technical Note D-647, Novem- 
ber 1960. 68 pp. OTS price, $1.75. 

The influence of complex stress histories on 
the fatigue life of members was investigated 
to determine the relationship between fatigue 
life and the relative number and amplitude of 
imposed cycles of stress. A physical model of 
fatigue damage was formulated in terms of the 
number of damage nuclei initiated by the 
highest applied stress and the propagation of 
damage by all subsequent cycles of stress. On 
the basis of this physical model, a mathema- 
tical equation was derived that related the 


fatigue life to stress history. Further inter- 
pretation of this equation was made by an 
alternative hypothesis. Aluminum-alloy, 
hard-drawn-steel, and _ high-strength-steel 
music wires were tested and the data statisti- 
cally analyzed to obtain a measure of mean 
fatigue life and scatter. 


Materials in Rolling Element Bearings for 
Normal and Elevated (450°F) Temperature. 
T. W. Morrison, H. O. Walp and R. P. 
Remorenko. ASLE Trans., 2 (1) (1959) 129; 7 
figs., 13 tables, 8 refs., discussion. 

Studies have been made of both induction 
and consumable electrode vacuum melted 
steel. Material inspection has shown a more 
consistently high level of cleanliness in con- 
sumable electrode vacuum steel than that 
melted by induction. 

Improvement in life of bearings made of 
vacuum-melted steels does not appear to be 
commensurate with the improvement in 
cleanliness. There is no indication that 
vacuum melting has served to reduce the 
number of early failures more proportionately. 
Where there has been a change in life, the 
curve of bearing lives has been displaced, but 
retains the same general shape. 


Rolling Contact Fatigue Evaluation of 
Bearing Materials and Lubricants. 

E. G. Jackson. ASLE Tyrans., 2 (1) (1959) 121; 
6 figs., 3 tables, 4 refs., discussion; see also 
Ibid., 2 (1) (1959) 257. 

A high temperature tester has been built, and 
several months of testing at 400° F have shown 
that (a) the state of oxidation of diesters is a 
significant factor with several materials, (b) 
life can vary appreciably between apparently 
similar heats of steel, (c) hardness is an im- 
portant factor that needs much more study, 
(d) standard cleanliness measurements do not 
seem to be sufficient to establish relative 
quality. 


Selected References on Brittle Fracture. 
Don Owens and Lynne Doss. PB 161 205; 
DMIC Memo 55, May 5, 1960, pp. 65. OTS 
price, $ 0.50. 

The references are categorized and cross 
referenced as _ testing techniques; low- 
temperature fracture; fracture of welded 
structures; influence of processing variables 
other than welding; temper brittleness; hy- 
drogen embrittlement; influence of com- 
position on brittle fracture; ductile-to-brittle 
transition; stress-corrosion cracking; funda- 
mental studies and status of research; 
fracture of nonferrous materials; design 
considerations; case histories; and methods 
of circumventing brittle fracture. 
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2. FRICTION 


Dynamic Mechanical Spectrometry by means 
of Rolling Friction Measurements. 

D.G. Flom. Anal. Chem., 32 (1960) 1550; 
8 figs., 2 tables, 31 refs. 

Recent success in correlating the rolling fric- 
tional properties of polymers with dynamic 
mechanical losses in these materials has led 
to a new technique for studying bulk physical 
properties. Measurements of rolling friction 
are used to determine dynamic losses as a 
function of stress frequency. This information 
can also be obtained by measuring rolling 
friction as a function of temperature because 


the effects of temperature and frequency on 
dynamic mechanical properties are usually 
related. Dynamic mechanical spectra have 
been obtained for a number of polymers 
ranging from soft elastomers to relatively 
hard thermoplastic materials. The range of 
temperature used has extended from as low 
as —40° to 300°C. The effects of changes in 
molecular structure on dynamic properties 
are observed readily in the spectra. In blends 
of different polymers, dynamic loss peaks 
characteristic of the individual components 
can also be resolved. 


3. LUBRICATION AND LUBRICANTS 


3.1 Lubrication (no abstracts) 
3.2 Lubricants 


Surface-Active Cutting Fluids and Wear- 
Reducing Agents. 

Translations of Russian papers published 
1948-1955. Fora recent list of abstracts apply 
to: Henry Brutcher Technical Translations, 
P.O.B. 157, Altadena, Calif. 


A Surface Effect Associated with the Use of 
Oils Containing Zinc Dialkyl Dithiophos- 
phate. 

Paul A. Bennett. ASLE Trans., 2 (1) (1959) 78; 
11 figs., 2 tables, 13 refs., discussion, for 
author’s reply see [bid., 2 (2) (1959) 257. 

It is shown that the operation of engines on 
crankcase oils containing appreciable amounts 
of zinc dialkyl dithiophosphate can increase 
the small-scale roughness of the lifter-foot 
surfaces. In addition, the small-scale rough- 
ness can be reduced by subsequent operation 
of the same engine parts on oils containing no 
zinc dialkyl dithiophosphate. This change in 
roughness coincides with a change in re- 
flectivity that can be detected visually. 

A similar effect of the additive has been 
demonstrated in a bench test machine. The 
increase in roughness which accompanies the 
operation on the additive-treated oil occurs 
rapidly and is maintained to high contact 
loads although some smoothing may occur at 
high loads. 

The evidence suggests that the change in 
roughness results from a reaction of additive 
decomposition products with the metal 
surface. The mechanism responsible, how- 
ever, is not completely understood. 


Film Formation by an Antiwear Additive in 
an Automotive Engine. 

M. J. Furey. ASLE Trans., 2 (1) (1959) 91; 
7 figs., 4 tables, 10 refs., discussion. 
Experiments carried out in a laboratory 
multicylinder gasoline engine with mineral oil 
lubricants containing radioactive (3?P-label- 


ed) zinc di(Ces)alkyl dithiophosphate show 
that strongly attached films are formed by 
this compound on many of the rubbing metal 
surfaces of the engine. Results are presented 
on the effects of chemical treatments on the 
radioactivity of the metal surfaces and on a 
technique by which the films are removed 
and assayed with a Geiger counter. On the 
basis of radioactivity per unit of geometrical 
contact area, most of the active parts were 
the highly stressed components of the valve 
train mechanism. Autoradiographs show that 
practically all the activity on a cam surface 
is localized at the cam nose — the region of 
greatest stress, of greatest surface damage 
and where metal transfer is known to occur. 
It is estimated that the films found on the 
cams and valve lifters are several molecular 
layers thick. The data support the idea that 
the action of zinc dialkyl dithiophosphate in 
reducing valve train wear in automotive 
engines involves the formation of phosphorus- 
containing protective films by chemical 
reaction with the rubbing metal surfaces. 


Use of Molybdenum Sulfide as Lubricant 
for Cold Rolling of Tubes. 

I. M. Pavlov et al. Izv. Vuz., Chern. Met., 
No. 7 (July 1958) 191-3; 2 figures, 700 words. 
Henry Brutcher Translation No. 4678; $ 2.50. 
Performance of molybdenum sulfide in the 
cold rolling of light-section, small diam. 
tubes. Procedure developed for depositing it 
onto surface of tool (plug). Effect of sulfide 
coating on friction coefficient, pressure of 
stock on rolls, and sticking of tubes to working 
surface of plug. Relation between effectiveness 
of sulfide lubrication and specific pressure of 
rolling stock on plug. 


Development of Cold-Rolling Lubricants for 
Aluminium Alloys. 
R. D. Guminski and J. Willis. J. Inst. Metals, 


88 (1959/60) 481-492. 
The requirements that should be met by a 
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cold-rolling lubricant are stated, and an 
account is given of an investigation to develop 
improved lubricants. To enable the lubri- 
cants to be evaluated, tests for “‘reduction 
capacity’, staining, surface finish, and stabil- 
ity have been devised. A good correlation 
was found between these tests and the per- 
formance of lubricants in a rolling mill. The 


Theoretical and Experimental Analysis of 
Hydrostatic Thrust Bearings. 

R. C. Elwell and B. Sternlicht. J. Basic Eng. 
(ASME Trans., Ser. D), 82 (3) (1960) 505-512. 
Gives design equations for load-carrying 
capacity, stiffness, and flow for three different 


tests were used to correlate the reduction 
capacity, staining, and stability of various 
lubricants with the physical and chemical 
characteristics (particularly structure and 
composition) of the base oils and additives 
from which the lubricants are compounded. 
On this basis a specification for a satisfactory 
cold-rolling lubricant has been formulated. 


4. MACHINE PaRTS 


types of flow restriction: orifice, capillary, 
and constant flow. Experimental verification 
of the equations is shown. Each method of 
restriction imparts its own characteristics on 
the bearing performance. 


5. WEAR AND WEAR RESISTANCE 


5.1 Materials 
5.1.1. Classical Materials 


Recent Trends in High Temperature Resis- 
tant Alloys. (in German) 

K. Giesen. Molybddn Dienst*, Issue 6 (1960) ; 
3 figs., 4 tables, about 30 refs, 12 pp. 

A critical survey of pertinent literature and 
trade information with special reference to 
Mo alloys. 

* Write to: Elisabethstrasse 14, Diisseldorf, 
Germany. 


Influence of Nitration on Wear and Fatigue. 
(in German) 

B. Finnern. Schweiz. Archiv angew. Wiss. u. 
Tech., 26 (1960) 347-355; 23 figs., 19 refs. 
Discussion of mechanism and influence on 
type of steel. Application to machine parts. 
Influence of structure. Examples. Future 
development. 


5.1.2. Outer Space Engineering Materials 
Plastics for Rocket Motor Nozzles. 

George Epstein and Harry A. King. Ind. 
Eng. Chem., 52 (1960) 764; 6 tables, 12 refs. 
It was found that reinforced plastics can be 
used successfully in nozzles for rocket motors 
and engines, provided that the design takes 
into consideration the dimensional changes 
that occur owing to ablation. A permanent 
testing apparatus (gaseous hydrogen—oxygen 
rocket motor, SPAR) provides a useful tool 
for such investigations. 

For a given nozzle material and design, 
ablation rate is dependent upon time, gas 
pressure, and stagnation temperature. 

With regard to nozzle composition, the rate 
and extent of ablation depends upon various 
factors: primary resin, reinforcement, and 
orientation of the reinforcement. Heat- 
resistant resins appear desirable. Nonfibrous 
fillers impair nozzle durability. Under the 


conditions of a typical rocket motor firing 
(about 5400°F in this case), high-melting 
refractory fiber reinforcements are preferable 
to lower-melting and organic fibers. Orienta- 
tion of reinforcements to provide an edge- 
grain effect is desirable. Thin refractory 
coatings have not proved to be beneficial in 
protecting plastic rocket nozzles. 


Plastics as Heat Insulators in Rocket Motors. 
Walter C. Hourt. Ind. Eng. Chem., 52 (1960) 
761. 

The key to the problem of using plastics as 
heat shields in longer range rockets lies in 
controlling properties of the char which they 
must form under the high temperatures and 
pressures inevitably encountered. This char, 
held to the substrate by areinforcement, must 
be strong enough to resist erosion caused by 
gas-flow stresses, and yet be porous enough to 
allow the products of substrate decomposition 
to pass through it. Also, for minimum thermal 
conductivity, it should be amorphous rather 
than graphitic, and it should form a heat- 
transfer medium for cracking reactions. 


5.2. Wear 

An Application of Dimensional Analysis to 
the Characteristics of Wear under Dry Con- 
ditions. 

Keikichi Ebihara and Kunikazu Hayashi. 
Bull. J.S.M.E., 3 (9) (1960) 6; 12 figs., 5 refs. 
A dimensional analysis is carried out for a 
simple sliding wear under dry and steady 
state, based on the experimental evidence 
reported by G. HuGHEs AND R. T. SPURR 
(1955), and K. J. TR1IGGER AND B. T. CHao 
(1956). Applying the analysis to several 
experimental data on wear, a simple theory 
is derived, viz. the rate of wear per unit 
normal pressure and sliding distance is a 
function of dimensionless numbers contain- 
ing pv and v, where p and v denote normal 
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pressure and sliding speed respectively. It is 
shown that this fact coincides with Holm’s 
theory. 


Wear of the Hard and Soft Phases in Cobalt- 
bonded Tungsten Carbide. 

J. Golden and G. W. Rowe. Brit. J. Appl. 
Phys., II (1960) 517; 5 figs., 3 tables, 5 refs. 
It has previously been widely accepted that 
the normal wear pattern of cobalt-bonded 
tungsten carbide is a steady attrition of the 
soft matrix, leading to occasional loosening 
of hard carbide grains. This hypothesis seems 
to have been based on visual examination of 
autoradiographs of copper wire drawn 
through radioactive tungsten carbide dies. 
The present experiments show that auto- 
radiographs of this type, having a steady 
general level of blackening with local dense 
spots superimposed, are obtained if the cop- 
per surface is not sufficiently well prepared. 
On smooth surfaces uniform autoradiographic 
density is observed. Detailed measurements 
of the former type of autoradiograph have 
been made, showing first the short-lived 
tungsten activity and finally the long-lived 
cobalt activity. These refute the suggestion 
that the spots are carbide grains and that the 
general level is cobalt. The composition of the 
wear deposit in both is the same, and corre- 
sponds closely to the initial composition of 
the bonded carbide. The revised picture of 
steady continuous wear of both phases con- 
currently is in accordance with other experi- 
mental evidence quoted. 


Investigation of ‘‘Melt Lubrication’. 

B. Sternlicht and H. Apkarian. ASLE Tvans., 
2 (2) (1960) 248-256; 12 figs., 2 tables, ro refs. 
Experimental investigation of the physical 
phenomena occurring at the interface of high 
speed electrical sliding contacts. Special 
attention was focused on wear and energy 
dissipation at the interface of different sets of 
rubbing materials. This condition has been 
described by the term ‘‘melt lubrication”’ in 
the work by SAIBEL. 

Tests were conducted on a high speed friction 
and wear machine, and also on an electro- 
magnetic gun. For any combination of 
materials and specific velocity there is an 
optimum normal force that will result in 
minimum energy loss and wear. 

It is possible to predict wear as a function of 
energy loss with reasonable accuracy. 

On the basis of theory and experiment, the 
following combinations of materials are 
selected in order of preference: 

(a) Molybdenum prod on copper disk; (b) 
Tungsten prod on copper disk; (c) Chromium 
prod on copper disk; (d) Copper prod on 
chromium disk; (e) Silver prod on chromium 
disk; (f) Aluminium prod on chromium disk. 


Damage to Construction Materials Caused 
by Pitting. 

Werkstoffschaden durch Pittingbildung 

A. Bartel. Mineralél-Technth, 5 (1960) 86 pp.; 
78 figs., 35 refs. October no. 17—20. 
Properties of materials as related to pitting: 
running-in; stresses and strains in surfaces; 
micro-cracks; anisotropy of crystals; fatigue. 
Combination of surface properties and exter- 
nal factors: formation of surface films from 
additives; Rehbindereffect. Cavitation and 
erosion due to liquids. 

Influence of external factors: compressibility ; 
penetration of oil under pressure. 

Chemical factors: Corrosion; electrochemical 
effects; stress corrosion. Testing, rules for 
preventing pitting. 


A Laboratory Scale Study of Erosion and 
Deposition due to Gas Borne Solids. 

H. C. Duffin. National Gas Turbine Establish- 
ment Memo. M. 341. August 1960. 18 pp. 
& illus. 

As a continuation of earlier work on a larger 
scale, a laboratory scale study of some of the 
variables affecting erosion and deposition by 
impacting particles has been initiated. Vari- 
ables to which attention has been given are 
particle size, shape, velocity, and temperature 
and impaction surface temperature. The co- 
efficient of friction between the colliding 
materials has also received some consideration. 
Tentative mechanisms have been postulated 
to explain the observed results. 


The Effect of Additives on the Water- 
Induced Pitting of Ball Bearings. 

L. Grunberg and D. Scott. J. Inst. Petrol., 46 
(1960) 259-266. 

The most effective additive found was “‘iso- 
amyl alcohol’? (commercial secondary amyl 
alcohol). An imidazoline derivative used 
commercially as a ‘“‘de-watering ’ agent was 
also effective. Surface-active agents such as 
oleic acid and triethanolamine were satisfac- 
tory under conditions of high supersatura- 
tion with water. Water-soluble anti-corrosive 
and detergent additives had no beneficial 
action. 


Abrasive Contamination of Precision Me- 
chanical Devices. 

L. McD. Schetky. Product Eng., 31 (33) (1960) 

I-54. 

fF olaeoed light in a dark field is used to detect 
foreign particles measuring from 1-5 diam- 
eter. The probable nature of the failure mech- 
anism is explained and some unorthodox 
cleaning procedures proposed to minimize its 
effect on component life, reliability, and 
performance. 


Printability and Wearability. 
James M. Dugan. Proc. 11th Annual Meeting, 
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Tech. Assoc. Graphic Arts, June 15-17, 1959, 
Technical Association of the Graphic Arts, 
Inc., Rochester, New York, 1959, pp. 213- 
om7 

Physical evidence, in the form of photomicro- 
graphs of damaged letterpress plates and 
gravure etchings, shows how long-run print- 
ing quality may be sacrificed to first-proof 


quality. This evidence seems to warrant in- 
troducing a wearability factor into any defi- 
nition of printability. Problems of wearability 
impose no insurmountable obstacles in the 
press room. Measures are suggested whereby 
these effects of wearability may be recognized 
and eliminated. 


6. ANALYSIS AND TESTING 


6.1. Tracey Techniques 


Radiochemical Study of Stability of Solutions 
of Additives in Lubricating Oils. 

Yu. S. Zaslavskii et al. Zavodskaya Lab., 22 
(4) (1956) 417-8; 600 words. Henry Brutcher 
Translation No. 3919; $ 1.85. 

Method of testing the resistance of lubricating 
oil additives to temperature effects, the action 
of a water content, using beta radiation. 
Testing procedure. Usefulness of proposed 
test for other purposes. 


Methods of Estimating the Operative Prop- 
erties of Lubricating Oils With Radioactive 
Tracers. (in Russian) 

lu. S. Zaslavskii and G. I. Shor. Paper from 
Conference on the Use of Radioisotopes in the 
Physical Sciences and Industry in Co-Operation 
With the United Nations Education, Scientific 
and Cultural Organization. Copenhagen, Sep- 
tember 6-17, 1960. 18 pp. 

Radioactive tracers were used in connection 
with studies of admixtures to secure improved 
dispersion, detergency, and lubricating prop- 
erties of oils for diesel engines. 


Radioactive Metallic Tracers Used for 
Checking Oil Consumption. 

Sci. Lubrication (London), 12 (1960) p. 26—28. 
Sodium signal as a function of oil consump- 
tion; tagging with tritium; consumption and 
origin of material in exhaust and blowby. 


Radiotracers Aid Study of Cylinder Wear. 
W.C. Arnold, V. T. Stonehocker, W. J. 
Braun and D. N. Sunderman. S.A.E. Jour- 
nal, 68 (5) (1960) 70-75; 7 figs., 1 table. 
Irradiation of selected sections of large engine 
parts now allows the radiotracer method of 
determining wear to be extended to large 
engine cylinders. The technique, which has 
long been used for piston-ring wear measure- 
ments, now provides accurate results quickly 
and economically for the more important 
cylinder wear. 

Irradiation techniques, handling and instal- 
lation techniques, wear determination tech- 
niques. 

A copy of the complete paper, No. 126 A, can 
be ordered from the Society of Automotive 


Engineers, 485 Lexington Avenue, New York 
£7 UNE 


Radioisotopic Control of Wear on the Sus- 
pension Bearing of Large Turbogenerators. 
(in Russian) 

Z. Frynta, F. Kkhol’, and V. Kopetskii. 
Paper from Conference on the Use of Radio- 
isotopes in the Physical Sciences and Industry 
in Co-Operation With the United Nations 
Education, Scientific and Cultural Organt- 
zation. Copenhagen, September 6-17, 1960. 6 
Siiver containing AG-110 was_ electrode- 
posited on the Babbitt metal. A pulse inte- 
grator permitted the automatic recording of 
the wear kinetics. When a 50 u layer was used, 
the accuracy of determination of the wear 
control was between 1 and 2. When a 2004 
coating was used, it was possible to measure a 
wider range of wear, but only with a 5 yu 
accuracy. The first 94 megawatt turbogene- 
rator at the Orlik State Power Plant will be 
equipped with the device described. 


6.2 Testing 

Friction Dynamometer. 

E. H. Hull. Rev. Sci. Inst., 29 (1958) 1050; I 
fig. 

A description is given of a rotating disk type 
machine, suitable for the study of friction 
couples and solid lubricants. Temperature 
and atmosphere can be varied. 


Engine Rusting in Service and Dynamo- 
meter Tests. 

Paul A. Bennett. Lubrication Eng., 16 (1960) 
529; 6 figs., 5 tables, 20 refs. 

A dynamometer engine test procedure is 
presented which correlates with field ex- 
perience. In addition, data are presented 
which illustrate the importance of several 
engine operating variables on engine rusting 
tendencies in the full-scale engine test. Close 
control of such variables as carburetor air 
humidity, blowby rate, fuel composition, and 
engine speed, load and operating temperature 
is necessary if consistent results are to be 
obtained. 
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7. SURFACE TREATMENT AND FINISHING (no abstracts) 


8. MACHINING AND TooL WEAR 


8.1. Friction Welding 


Friction Welding: A Practical Process. 
Engineering, 190 (1960) 250-251. 

The direct conversion of mechanical to 
thermal energy used in friction welding 
machine gives it a low-energy consumption. 
This should make friction welding an attrac- 
tive process. 


Welding of Metals by Friction. 

I. V. Vill’. Svavochnoe Proizvodstvo, (9) (Sept. 
1957) 19-23; 8 figs., 4100 words. Henry Brut- 
cher Translation No. 4502; $9.58; P.O.B. 157, 
Altadena, Calif. 

Russian pioneering work on use of frictional 
heat for the welding of metals. Productivity 
and economy of friction welding compared 
with fusion welding. Heat set free in friction 
welding; its distribution and underlying 
mathematics. Principle of process. Main 
characteristics. Metallography of resulting 
joints in steel, gray iron, brass, aluminum, 
and titanium. Advantages: highest efficiency ; 
low specific power consumption; simple 
equipment; ease of automation; safety; 
independence of electric power lines (an 
internal combustion engine can supply the 
power for rotating one of the parts to be 
welded). Specialized equipment developed at 
author’s Institute; data on welding machine. 
Applications of friction welding including 
the welding of dissimilar metals; of rods and 
tubes; flanges to tubes; rods to sheets or 
plates; gas and oil pipes; die-forged parts to 
plates; concrete reinforcing bars, etc. Limi- 
tations of process. 


Friction Welding of Metals. 

Svarka Metallov Treniem 

Part I. I. V. Vill’; pp. 3-35; 18 figures, 12,000 
words. Published by Mashgiz, Moscow and 
Leningrad, 1959. Henry Brutcher Translation 
No. 4918; $ 13.50. 

First attempt at an all-around coverage of 
friction welding of axially symmetrical com- 
ponents of carbon and alloy steels, aluminum, 
silumins, titanium, copper, brasses, bronzes, 
etc. Possibility of joining similar as well as 
dissimilar metals; high mechanical strength 
of joints. Technical-economic indices of fric- 
tion welding superior to those of other weld- 
ing processes. Low energy and power re- 
quirements. Welding of sections up to 50 mm 
(2 in.) in diam. Ease of automation of pro- 
cess. General ideas on friction welding. 
Theoretical aspects of friction welding: 

(1) some concepts of modern theory of fric- 
tion ; (2) present-day ideas on contact between 
surfaces; (3) friction force and its nature; 
(4) variability of coefficient of sliding friction; 


(5) generation of heat in friction; (6) phenom- 
ena occurring at friction surfaces during 
welding; (7) relationship between quantity 
of heat generated and welding process vari- 
ables. (8) Conclusions. 


Part Il. I. V. Vill’; pp. 36-60; 10 figures, 
8100 words. Published by Mashgiz, Moscow 
and Leningrad, 1959. Henry Brutcher Trans- 
lation No. 4919; $ 15.70. 

Technology of friction welding. Principal 
variables of welding process; total upset. 
Recommended friction welding conditions; 
specific pressure; relative speeds of rotation. 
Welding conditions and characteristics of 
welded joints. Friction welding data for gui- 
dance. Results of tensile, bend, impact and 
hardness tests on welds of similar and dissi- 
milar ferrous and nonferrous metals. Micro- 
structures of welds. Special cases of friction 
welding: butt welding of components made 
of the same or dissimilar metals; studs 
welded to flat surfaces; friction welding of 
parts which differ in diameter. Welding of 
heavy-section components in relatively low- 
powered equipment. Welding of parts of non- 
circular cross section; friction welding with 
both workpieces preheated by outside sources 
of heat. Equipment for friction welding: use of 
metal-cutting machine tools; basic require- 
ments to be met by such equipment; ways of 
rapidly stopping the relative motion of the 
parts being welded; requirements of clamps 
used in friction welding. Automation of 
welding cycle. Scale of sizes of friction-weld- 
ing machines. 


Part III (Concluding). I. V. Vill’, pp. 60-86; 
18 figs., 6200 words. Published by Mashgiz, 
Moscow and Leningrad, 1959. Henry Brutcher 
Translation No. 4920; $ 14.60. 

Industrial equipment for friction welding; 
principal data on general-purpose machines 
MST-1, MST-2, and MST-3. Special-purpose 
machines, semi-automatic MST-4 machine. 
Examples of industrial applications of fric- 
tion welding: Manufacture of large articles 
having a stepped cross section; also of com- 
posite machine elements and tools from sepa- 
rate parts of dissimilar metals. Laboratory 
machine for friction welding of studs to 
plates. Other applications of friction welding. 
Prospects for further development and appli- 
cation, and ways of achieving this. Econom- 
ics — example of three special friction 
welding machines installed at Leningrad and 
costing $10,000, while giving an annual 
saving of $ 40,000. Lines along which further 
development of friction welding is most 


‘profitably pursued. Bibliography. 
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8.2 Metal Cutting milling are excluded from consideration. 
t ; ibli However, sufficient flexibility is allowed in 
Metal-Cutting Bibliography, 1943-1956. Soi ree ley: yas’ : 
Unpaged. American Society of Tool and the definition sas chip formation” to Uae 
Manufacturing Engineers Detroit, 1960. inclusion of several cutting processes where 
The term ‘‘metal cutting’’ is considered to no definite agreement exists with regard to 


: : i ip- i cteristics. h pro- 

embrace only those operations which result their chip fore Nate ate ope Suc i. 
in the formation of chips: turning, drilling, cesses include ee ae get the ae 
5 B5 e % Jar: S 3 

milling, etc. Such nonchip-producing proces- ultrasonic eek ae vs iG 2 eek 8 

ses as shearing, O cutting, and chemical erosion processes, all Ol Which are Covet ee. 


~ 
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Index of NASA Technical Publications (July 1959-June 1960) 
National Aeronautics and Space Administration, Washington 25, D.C., 1960, 242 pp. 


These titles of abstracts cover a very broad field and include numerous translations of papers 


published in Russian. 
Abstracts covered by Wear have mostly been included in previous issues of our Abstracts 


Section. 
This Index lists the unclassified NASA/NACA technical publications issued by the National 


Aeronautics and Space Administration between July 1, 1959 and June 30, 1960. 
Requests for publications listed in this Index should be forwarded to: 


Technical Information Division, Code ETD, 
National Aeronautics and Space Administration, 
Washington 25, D.C. 
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Recent Translations of Russian Papers on Rubber Friction and Related Topics 

I. R.A.P.R.A. Translation* 

No. 694. S. B. RATNER AND M. V. MEL’NIkKova, On the abrasion of vulcanised rubber on abra- 
sive, Kauchuk i Rezina, 17 (8) (1958) 14-21. 


No. 705. G. I. Epiranov, Friction as shear resistance of thin surface layers of hard bodies, 
Doklady Akad. Nauk S.S.S.R., 114 (4) (1957) 764-7. 


No. 733. G. M. BarTENEV AND V. V. LAVRENT’EV, On the law of friction of highly elastic materials, 
Izvest. Akad. Nauk S.S.S.R., Otdel. Tekh. Nauk, (9) (1958) 126-9. 


No. 777. V. D. Evpokimov anp A. S. RApDcuHIk, On the assessment of the influence of a surface- 
active lubricant upon the deformation of surfaces in friction, Doklady Akad. Nauk S.S.S.R., 128 
(4) (1959) 713-714. 

No. 827. G. M. BARTENEV AND V. V. LAVRENT’EV, On the nature of ‘Static’ friction in rubber- 
like polymers, Vysokomolekulyarnye Soedineniya, 2 (2) (1960) 238-42. 


No. 863. R. M. MATtvEEvsky, Comparative tests of some plastics in friction with and without 
lubricant, Izvest. Ahad, Nauk S.S.S.R. Otdel. Tekh. Nauk, Mekh. i Mashinostr., (4) (1959) 150-2. 


II. Papers on friction and wear from Kauchuk i Rezina translated in Soviet Rubber Technology 


The references are identical for both the original and translation except for the page numbers. 
The page numbers of the original are given in parentheses. 


L. V. DEsIDLEI, Yu. K. SAZONENKO AND V.N. PRASHCHIKIN, Effect of tread curvature on the 
wear of car tyres, 18 (7) (1959) 16 (18). 


* The translations are free to members of R.A.P.R.A. of Great Britain, The price to non-members 
is calculated at the rates recommended by the Institute of Linguists in Great Britain. Write to: 
Rubber and Plastics Research Association of Great Britain, Shawbury, Shrewsbury, England. 
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M.G, Maizets, V. G. RaEvsky anD R. V. TorNER, Failure of rubber-fabric materials by abrasion, 
8 (8) (1959) 28 (28). 
I. V. Kracetsxy, The wear of tyre tread rubbers, r8 (11) (1959) 20 (20). 


G. I. Bropsxy anp M. M. ReznrKovsxy, Electrostatic potentials due to the friction and abrasive 
wear of rubbers, r8 (12) (1959) 19 (18). 


G.S. KLITENIK AND S. B. Ratner, Study of the abrasion resistance of rubber using a metal 
mesh, 79 (3) (1960) 19 (19). 

N. L. Saknovsky, L. A. SMIRNOVA AND V. F. Evsrratov, Dependence of the abrasion resistance 
of tread rubbers on their composition and properties, rg (4) (1960) 21 (22). 
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eubber— Metal Bearings in Turbo-Drills, (Rezino-Metallicheski Podshipniki Turboburov), by M. T 
Gusman, A. V. KoL’cHENKO AND A. A. SILtn, Gostoptekhizdat, Moscow, 1959; 107 pp., 56 figs. 
ti tables, 38 refs. 


The introduction briefly outlines the use of rubber—metal bearings in machines in general and in 
oil-well turbo-drills in particular (where the application dates from 1938) and describes some 
examples of turbo-drill bearings. Those properties of elastomers that are important in mechanical 
application are reviewed: deformation, relaxation, internal friction, strength, sliding friction and 
resistance to chemical degradation. Some full-scale laboratory experiments on turbo-drill bearing 
elements are described. An account, based on experiments, is given of the general properties of 
rubber—metal bearings, including the dependence of friction on speed, profile and grooving of 
the pads, water flow, temperature, and hardness of the rubber. The authors conclude that the 
conventional ‘‘hydrodynamic wedge’’ cannot explain the action of these bearings, and they class 
them as examples of ‘‘parallel-film lubrication’’. The effect of colloids and abrasives, notably those 
from the drilling mud, on the friction and wear of turbo-drill bearings is discussed. The wear process 
begins with fine particles entering the clearance and grooving the steel runners; coarser particles 
then enter and attack both rubber and metal. Some of the problems are discussed in overcoming 
the starting friction of the bearings under the combination of high stress and high hydrostatic 
pressure that occurs in service. The concluding chapter deals with current and potential improve- 
ments in wear resistance, obtainable by excluding abrasive particles, refining the hydrodynamic 
design, and using boronized steel (of surface hardness 1400-1700 V.H.N.) in place of carburized 
steel for the runners of turbo-drill bearings. 

The impression is of a lucid and concise description of the application of wear theory to a difficult 
technical problem. Certain scientifically interesting observations, notably on the nature of the 
lubrication of rubber by water, are unfortunately mentioned only briefly. FWSs 
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Seizure of Metals*, (Skhvatyvanie Metallov), by A. P. SEMENov, Mashgiz, Moscow, 1958; 280 pp., 
100 figs., 25 tables, 229 refs. 
The book gives a comprehensive literature survey and describes many aspects of seizure. Certain 
practical problems are discussed in metal-cutting and pressure-welding. In the former, seizure is 
to be avoided; in the latter case, it is facilitated by using special designs of punch which ensure the 
creation of new surface between the parts being joined. Two principal techniques in seizure research 
are described: sliding friction experiments of various types, and experiments in which the amount 
of deformation required to cold-weld two metal specimens is measured. The book describes how 
such methods have been used to study the effect on seizure processes of the experimental conditions 
and of many factors in the constitution of the specimens and their surface layers. The nature of 
seizure and the related phenomena of interatomic force, recrystallisation, diffusion and plasticity 
are described qualitatively. The author advances the hypothesis that surface atoms must in general 
overcome an energy barrier before seizure can proceed. 
This monograph seems to be based on a research thesis on the author’s work on the cold-welding 
technique for studying seizure. The review of previous works seems comprehensive, at least as to 
Western work. The book as a whole contains a quantity of information and ideas on seizure, 
plasticity and their inter-relationship, assembled in a way that is likely to stimulate further 
research on these problems. E.WS. 


* See also Wear, 4 (1961) I. ; 
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V. E. Broman: received his A.B. from Augustana College, Rock Island, Illinois, in 1938, and an 
M.S. from the University of Iowa in 1941; is at present a member of the group working on the 
fundamentals of wear and lubrication at the Sinclair Research Laboratories, Inc., Harvey, lll. 


(U.S.A,). ' [See p. 93] 


~ 


A. Dorinson: received his Ph.D. from the Department of Chemistry, University of Chicago, in 
1946; is at present in charge of a group working on the fundamentals of friction, wear and 
lubrication at the Sinclair Research Laboratories, Inc., Harvey, Ill. (U.S.A.). [See p. 93] 


OLIVER GEORGE GRIFFIN: born at Portsmouth; graduated B.Sc. at Sheffield University, 1951; 
subsequently joined the Safety in Mines Research Establishment to work on problems associated 
with pneumoconiosis. Until 1959 specialised in X-ray diffraction, in particular its application 
to quantitative analysis; was awarded M.Sc. (Physics) from Sheffield University in 1955 and 
became an Associate of the Institute of Physics in 1959; is at present scientific officer at the 
Safety in Mines Research Establishment, Sheffield, and is engaged on the design and development 
of improved types of breathing apparatus. [See p. 111] 


BERNARD JOHN NIELD: born in Norwich, England; attended Sheffield University; in 1952 
graduated B.Met. (1st class hon.), and in 1956 obtained his Ph.D. In 1955 joined the Safety in 
Mines Research Establishment of the Ministry of Power to study metallurgical aspects of safety 
and health in the mining industry. Began work on wear following reports of excessively rapid 
wear on a particular type of mild steel when used in cage suspension gear, leading to studies of 
surface condition and debris composition. Is at present senior scientific officer in the metallurgical 


section. [See p. 111] 


RoGerR A. PaguiNn: born in New York City; studied engineering at Stevens Institute of Techno- 
logy, where he received a degree in mechanical engineering in 1958; continued his studies there in 
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Carbon Research Laboratory. Other publications have been in the field of solid state physics. 
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MOTION OF A BALL IN A BALL BEARING* 


F. HIRANO anp H. TANOUE 
Kyushu University, Fukuoka (Japan) 


(Received October 10, 1960) 


SUMMARY 


A magnetized ball rolling in a ball bearing induces an alternating current in a coil wound on the 
outer ring. The period of the current represents one revolution of the ball. Deviation from ideal 
motion of the ball occurs as slip and spin. The former is shown by the prolongation of the period. 
The latter causes fluctuation of the rolling axis relative to the magnetic axis of the ball. It can be 
easily estimated by measuring the variation of the amplitude of the current. Under radial load a 
considerable slip occurs at the unloaded side. It is found that the slip decreases exponentially with 
increase in speed. The magnitude and the direction of load, the lubicating condition and the radial 
clearance also affect the slip. In the special case where the ratio of the number of revolutions of the 
ball to that of the cage becomes nearly equal to an integral value, the deviation of the rolling axis 
shows a sharp increase, which often exceeds 70°. This deviation is due to the spinning motion of the 
ball during slipping. 


ZUSAMMENFASSUNG 


Eine in einem Kugellager rotierende magnetisierte Kugel induziert einen Wechselstrom in einer 
um den Aussenring gewickelten Spule. Die Periode des Stroms entspricht einer Rotation der Kugel. 
Abweichung von der idealen Bewegung der Kugel entsteht in zwei Formen: Gleiten und Kreisel- 
bewegung. Gleiten wird sichtbar an einer Verlangerung der Periode. Die Kreiselbewegung verur- 
sacht eine relative Schwankung der Drehachse zur magnetischen Achse der Kugel und ist durch 
Messung der Veranderung der Amplitude des Stromes leicht zu finden. Bei Radialbelastung tritt 
an der unbelasteten Seite ein betrachtliches Gleiten ein, das mit zuanehmender Rotationsgeschwin- 
digkeit rasch abnimmt. Ferner wird Gleiten durch Grésse und Richtung der Belastung, durch den 
Schmierzustand und die Radialspielung des Lagers beeinflusst. Wenn das Verhaltniss der Drehzahl 
der Kugel zu der des Kafigs annahrend gleich einer ganze Zahl ist, nimmt die Richtungsanderung 
der Drehachse erheblich zu, manchmals mehr als 70°. Ursache ist das Auftreten einer Kreisel- 
bewegung der Kugel beim Gleiten. 


INTRODUCTION 


The motion of rolling elements in a rolling bearing deviates somewhat from ideal 
motion. Depending on operating conditions, slip and spinning motion take place. This 
deviation should have an important influence upon the friction, wear and life of rolling 
elements. Therefore, an investigation of the motion of rolling elements is required for 
basic information on rolling bearings. The situation is simple in the case of a roller 
bearing, because observation of the motion is easy. HAMpPP? reported the results of 


* Published in Japanese in J. Japan. Soc. Lubrication Engrs., 5 (1960) 175 and Trans. Japan. Soc. 
Mech. Engrs., 27 (1961) (in the press). The last section of the paper has not been published pre- 


viously. 
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measurement of the motion of rollers in a connecting rod bearing by means of variable 
capacitance. SASAKI? recorded the locus of a point on the edge of a roller by using an 
optical method, and analysed the slip of the roller. 

In the case of ball bearings, on the other hand, balls have the freedom of three- 
dimensional motion and observation of the motion becomes more difficult. One of 
the authors previously reported that a magnetized ball could successfully be used for 
tracing the motionsof the ball®. Recently the experiments have been resumed and 
and special attention has been given to the spinning motion of balls. The present 
paper deals mainly with the results under radial load. The case of thrust and combined 
load is now under investigation and will be reported on later. 


NOMENCLATURE 
A = amplitude of oscillogram (mm) 
r = residual magnetism of ball (G) 

N = shaft speed or speed of inner ring (rev/min) 

Pe = load (kg) 

Ri = radius of inner raceway (mm) 

Re = radius of outer raceway (mm) 

S = mean slip (%) 

No = number of revolutions of ball relative to cage (rev/min) 

Ne = number of revolutions of cage or number of revolutions of ball 
centre (rev/min) 

Ns = frequency of fluctuation of amplitude (c/min) 

= radius of ball (mm) 

a = angle between rolling axis and magnetic axis of ball (deg.) 

Ac = change of« (deg.) 

pb = phase shift of a definite point on the ball for each revolution of 
the cage (radians) 

é = angular displacement of spin (radians or deg.) 

wo* = theoretical angular velocity of the ball relative to the cage 
(radian/sec) 

Mv == actual mean angular velocity of the ball relative to the cage 
(radian/sec) 

(e* = theoretical angular velocity of cage or ball centre (radian/sec) 

We = actual mean angular velocity of cage or ball centre (radian/sec) 

Ws = circular frequency of fluctuation of x (radian/sec) 


EXPERIMENTAL METHOD 
Principle of measurement 
In order to observe the motion of a ball in a ball bearing without disturbance, 
change in flux due to the rolling motion of the magnetized ball has been observed. 
The bearing steel is sufficiently magnetic for this purpose. When the magnetized ball 
inserted into a pocket hole of the cage is rolling between the raceways the magnetic 
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poles also revolve. Consequently, the change in magnetic flux induces an alternating 
current in the circuit of the coil wound on the outer ring, as shown in Fig. 1. The in- 
duced current is recorded on an oscillograph. As will be shown later, the period of the 
current corresponds to the period of the rotation of the ball relative to the cage. 
Comparing the frequency of the actual change in flux with the ideal one, the rate of 


Measuring coil 
0.3 diam. x 200 T 


Bakelite 
bobbin 


Steel Soldered ! 


(b) 
(a) 


Fig. 2. Bearing testing machine. B, Bearing; C, Bakelite cover; 1D), Drop-feed oiling tube; F, 
Frame of loading apparatus; Li, Loading lever; L2, Lever for measuring friction; M, Magnet. 


slip is easily estimated. Moreover, the amplitude of the current is found to be at the 
maximum when the magnetic axis is perpendicular to the rolling axis. The current 
vanishes, however, when both axes coincide. Thus, the angle « between the two axes 
can be estimated from the fluctuations in amplitude. 
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Experimental conditions 

The bearing tester with the parallellogram lever system shown in Fig. 2 was used 
for radial loads below 300 kg and for speeds below 5,000 rev/min. The experiments 
were carried out mainly under too kg. For thrust loads below 92 kg and for speeds 
below goo rev/min the loading system of the four-ball tester was available. The 
bearings were lubricated at the rate of 10 cc/min, mainly with spindle oil. In order to 
find the influence of lubricant upon the motion of the ball, cylinder oil and grease 
were also used. The bearing with the bakelite bobbin was fitted into the frame of the 
loading apparatus, as shown in Figs. 1 and 2. The outer ring was fixed with the bakelite 


cover plates. 


TABLE I 
BEARINGS USED IN THE EXPERIMENTS 
Balls Diameter of Radial . of ball* 
Type See 0.D. x Cage Diam. x No. outer raceway clearance Eee 
idth (mm) (in.) (mm) “ Rev. of cage 
No. 6307. 35 X 80 X 21 solid brass 17 /32-x° 8 71.500 22, 60 5.30 
pressed steel 
NOW 7307 8 35.) Soar solid brass 17/32 X 25 FRE) — 5.27 
cageless L722 Xe rs 
No. 6306 ‘30 Keer pressed steel 31/64 x 8 64.38 20 5.2 
No. 6208 40 xX 80 x 18 pressed steel 15/32 X 9 71.90 10 6.10 


* Theoretical values »*/@c* calculated by using Ro/r. 


The bearings used in the present research are listed in Table I. The main part of the 
experiments was carried out on the deep-grooved bearing No. 6307 furnished with a 
brass solid cage. Its radial clearance was 22 |. 


Magnetization of ball 

In order to obtain a change in flux strong enough to be recorded on the oscillogram, 
it is necessary to give the ball a residual magnetism of about 200 G. The magnetizing 
coil consisted of 460 turns of copper wire, 1.8 mm diam. (the coil has 76 mm outer 
diameter, 34 mm inner diameter, and is 95 mm in length). The ball to be magnetized 
was placed at the centre of the coil and then the magnetizing current was applied for 


250 17/32 in. ball 


460T/9.5cm 
200 
© 150 
& 100) 
50 
O 20 40 60 


Fig. 3. Residual magnetism of 17/32 in. ball plotted against magnetizing current (1 A = 60 Oe). 
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2 seconds. Fig. 3 shows the residual magnetism B, of the ball (17/32 in. diam.) plotted 
against the magnetizing current. The necessary value B, = 200 G was obtained by 
applying a current exceeding 50 A. Balls of various other sizes were also magnetized to 
the same value. 

Scatter of this residual magnetism was reduced to a sufficiently narrow range. The 
residual magnetism was found to decrease from its initial value during the operation 
of the bearing. Calibrating experiments showed that the decrease ceased after 
running 5 - 104 revolutions of the inner ring and that the final value became B; = 
140 G, 2.e. 70% of the initial value under radial load above roo kg. Therefore, in order 
to obtain reliable results, the experiments must be carried out after running at least 
5 - 104 revolutions. 


Recording of rotation of the ball 


In order to facilitate the mounting and dismounting of the magnetized ball, both 
pieces of the cage were fixed with tap bolts of small diameter. The measuring coil 
consisted of 200 turns of enamelled wire, 0.3 mm diam., wound on a bakelite bobbin, 
as shown in Fig. 1. The bobbin was fitted into the space between the outer ring and 
the frame of the loading apparatus. 

The coil was led to the vibrator of the electromagnetic oscillograph. The induced 
current had a constant sensitivity of 30 mm/mA in the frequency range 0-200 Hz. 
The number of revolutions of the cage was recorded using a fixed magnet and a small 
steel piece attached to the cage with the non-magnetic bridge, as shown in Figs. 1 
and 2. The change of flux induced at the moment when the steel piece passed by the 
poles of the magnet served to record the revolutions. of the cage. The number of 
revolutions of the inner ring or shaft was also measured by the same method. 


Preliminary experiment 

Owing to the freedom of three-dimensional motion of the ball, the position of its 
rolling axis relative to the magnetic axis can change with time. It is necessary there- 
fore to determine the angle « between the axes from the oscillogram, and for this 
purpose the following preliminary experiment was carried out. 

Balls of the bearing No. 6307 with definite angles ~ = 0°, 22.5°, 45°, 67.5° and 
go° were prepared. The rolling axis was formed by short wires soldered to the ball 
and inserted into small holes drilled through the cage, as shown in Fig. 1(b). Thus, 
the motion of the ball was constrained and it behaved like a roller in a roller bearing. 
Fig. 4 shows examples of the oscillograms in the preliminary experiment. Oscillogram 
(a) gives the maximum flux change corresponding to « = 90°. The slight fluctuation 
of the amplitude is caused by the slip of the ball at the unloaded side. The period of 
the fluctuation coincides with that of the rotation of the cage. In the case of x = 0°, 
however, the flux change is negligibly small, as shown in (c). It was found that the 
amplitude A is proportional to sin « at constant speed. Fig. 5 shows A/sin « as a 
function of the shaft speed NV. Hence, for other bearings the measurements were car- 


ried out only for ~ = 90°. 


Wear, 4 (1961) 177-197 


182 F. HIRANO, H. TANOUE 


Denoting the angular velocity of the ball relative to the cage, the number of = 
of the measuring coil, its resistance and inductance by w», 1, R and L, respectively, 
the half amplitude of the induced current can be written as 


To = novDo! \ R2 + ‘(Lon)2 (1) 


Fig. 4. Records of preliminary experiment. (a) « = 90°, (b) «= 2 
P = 100 kg, N = 2000 rev/min; bearing type. 
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Fig. 5. Calibration curves of amplitude plotted against shaft speed. 


where @o is the amplitude of the effective flux change interlinked to the coil (®p is 
proportional to sin w). These results were obtained after no further decrease in the 
residual magnetism could be detected. In Fig. 5 the amplitude A mm is also converted 
into Jo mA using the sensitivity 30 mm/mA of the vibrator. 

Since the actual value of m» shows an appreciable decrease under radial load at the 
unloaded side, owing to slip, the amplitude A or Jo decreases correspondingly accord- 
ing to eqn. (1). On the other hand, there is no slip of the ball at the loaded side, so that 
the value of w» coincides with the ideal one, giving maximum value of the amplitude 
within the period of the cage. Dividing the measured amplitude by A/sin w found in 
Fig. 5 at the known speed N, the value of sin w or w can be easily obtained. 
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RESULTS 
Interpretation of records 

The oscillograms shown in Fig. 6 are examples of records taken under radial load. 
The short period Ty represents one revolution of the ball relative to the cage. It is 


not an absolute motion of the ball but the relative motion to the cage that the 


LASS 


Fig. 6. Explanation of oscillogram. (a) No. 6307, P = 100 kg, N = 1290 rev/min. (b) No. 7307 

P = 100 kg, N = 750 rev/min. T: Period of revolution of inner ring or shaft; T»: Period of rolling 

ball, Tpmax; Maximum of 7;; T-: Period of revolution of cage or ball centre; Ts: Period of fluctu- 
ation of amplitude. 


oscillogram indicates, because the motion of the ball fixed to the cage does not induce 
any change in flux. J; shows the period of a revolution of the cage. The ball centre 
travels around the inner ring at a period Te. As mentioned above, the fluctuation of 
the amplitude with the period 7; is caused by the slip of the ball at the unloaded side 
of the bearing. The oscillogram (b) is a record of the angular contact bearing No. 7307. 
An extremely large slip represented by the prolonged period Tymax is produced at the 
unloaded side owing to the absence of a thrust load. At the loaded side, however, the 
period T, coincides to the theoretical value. 

In the oscillogram (a) the fluctuation with the long period 7’; like a beat is remark- 
able. The amplitude Amax and Amin correspond to the maximum and minimum of the 
angle « between the magnetic and the rolling axes of the ball. The change of the mo- 
mentary axis of rolling is calculated by using the calibration curves in Fig. 5: 


Aan = &max — Omin (2) 


Figs. 7-10 are the oscillograms of the bearings No. 6307, No. 7307, No. 6306 and 

No. 6208. It is noted that considerable slip occurs at low speed and that with increase 

in speed the slip decreases. The regular fluctuation of the angle « is shown clearly in 
- several records. The condition for its occurrence will be discussed later. 
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Fig. 7. Oscillograms of No. 6307. P = 100 kg, spindle oil 10 cc/min. Rev/min: (a) 320, (b) 520, 
(c) 740, (d) 1000, (e) 1630, (f) 1990, (g) 2980, (h) 4000, (i) 5000, (k) 1720, (j) 420 (pure thrust load 
91.7 kg). 
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Fig. 8. Oscillograms of No. 7307 with solid cage, P = 100 kg, spindle oil 10 cc/min. Rev/min: 
(a) 305, (b) 500, (c) 1000, (d) 4000, (e) 1600 (P = 0). 
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Fig. 9. Oscillograms of cageless bearing No. 7307. P = 100 kg, spindle oil 10 cc/min. Rev/min: 
(a) 500, (b) 1320, (Cc) 3000. 
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Fig. 10. Oscillograms of bearings with pressed cages. P = 100 7 soimile oil 10 ee. (a) 
No. 6306, 500 rev/min, (b) No. 6306, 3000 rev/min, (c) No. 6208, 1200 rev/min, (d) No. 6208, 
: 3000 rev/min. 


Slip of the ball 
Using the symbols as shown in Fig. 11 and under NOMENCLATURE, the following 
relation is obtained for the ideal motion of the rolling elements 


R26 = R, (O— 6) =r¢ 


Hence 
6/O = we*/w@ = Ri/(Ri + Re) and 6/6 = wo*/ac*¥= Rov (3) 


Fig. 11. Motion of ball; ——— ideal motion, — — — slip. 


The values of w»*/aec* are listed in Table I. The actual angular velocities w» and we 
measured on the oscillogram deviate from the theoretical values. As shown in Fig. 6, 
cp fluctuates with the period T;. The angular velocity w., however, coincides with 
ve* in the present experiments. In other words, there is no slip of the cage. 

The mean value of w»/me = wo/we* is easily obtained by counting the number of 
waves included in a definite number of revolutions of the cage. Then the mean slip is 
given by the definition 


S = (@»*—wo)/wo* = [(@o* |exe*)—(co/ coe) }/ (Wo* |We*) (4) 
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The maximum slip corresponding to w» = 27/Tomax 1s also significant. An estimate 
is impossible, however, without an appreciable error. Hence only the mean slip is 
considered in the following discussion. 

Fig. 12 shows the slip in the bearing No. 6307. It decreases with increase in shaft 
speed. At 5,000 rev/min the motion becomes nearly normal. S decreases also with 
increase in radial load. The effect of viscosity of the lubricant is found to be rather 
small. However, the higher the oil-feed rate, the lower the slip (see Fig. 12(a)). In the 
case of grease lubrication much lower slip is observed. 
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Fig. 12. Mean slip of No. 6307. (a) Effect of lubrication. P = 100 kg; spindle oil e, 10 cc/min 

©, r cc/min; cylinder oil A 9 cc/min, A 0.8 cc/min; x grease TI Cc. (b) Effect of load. Spindle oil 

ro cc/min. 0, P = 0 kg; O, ro kg; @, 100 kg; @, 300 kg. (c) Effect of reduction of ball size,. 

Amount of reduction = 20 p. @, P = 100 kg, normal size; ©, o kg, $, 100 kg, all reduced size; 

A, 0 kg, A, 100 kg, one reduced size. The bearing used in the experiment (b) was different from 
that in (a). 


Expressing the position of the ball centre by the angle measured from the position 
of the load applied in the direction of the rotation of the shaft, slip begins at nearly 
go°, gradually develops at the unloaded side, attains a maximum at 290—300° and 
abruptly disappears at 320-330°4. The actual clearance between the ball and the 
raceways increases at the unloaded side owing to the application of radial load. 
Consequently, the contact of the ball with the inner race becomes loose. This causes 
slip of the ball. But under pure thrust load the ball always keeps contact with the 
raceways. Here slip does not occur even at low speed (see Fig. 7 (j)). 

Thus the radial clearance is considered to have a marked influence upon slip. In 
order to change the clearance, slightly smaller balls were substituted for ordinary 
balls of No. 6307. As a result, clearance increased to 60 4 compared with the value of 
22 w for the ordinary balls. Fig. 12 (c) shows that slip increases considerably except at 
higher speed in the case of no load. Substituting the slightly smaller ball only for the 
magnetized ball, the slip increases further. It is reasonable to consider that the 
clearance between the magnetized ball and the raceway was increased because the 
neighbouring balls were of normal size. An experiment in which a ball was ground 
around its circumference showed that imperfect sphericity resulted in a somewhat 
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irregular rolling motion. There was no significant difference between the results 
using the solid cage and the pressed cage. 

The data of the angular contact bearing No. 7307 are summarized in Fig. 13. 
Though the bearing of this type should be properly operated under the action of 


1000 3000 5000 
N (rev/min) ee AAA 
Fig. 13. Mean slip of No. 7307. Spindle Fig. 14. Oscillograms of No. 6307 with mag- 
oil 10 cc/min. 0, P = okg, e, 100 kg, netized balls, P = 100 kg, spindle oil, 1 cc/min. 
solid cage;A, okg, A, 100 kg, cageless. (a) 2 magnetized balls in opposite holes, 3010 


rev/min. (b) 8 magnetized balls, 3050 rev/min. 


thrust load, the experiment was carried out under pure radial load. Consequently the 
contact between the balls and the raceways became much looser compared with the 
deep-grooved type. This leads to the remarkable increase of the slip even at higher 
speed as shown in Fig. 8. The cageless bearing was prepared by removing the cage and 
substituting 13 balls for ro in the ordinary type No. 7307. The result is also plotted in 
Fig. 13. The extraordinarily high value of the slip is attributed to the braking action 
by adjacent balls. 

The experimental points of the bearing No. 6306 fall near the upper curve in Fig. 12 
(c). The slip in the bearing No. 6208 was at most 3%, except at very low speed. These 
bearings were provided with the pressed steel cages. Since deformation of the cages 
after repeated mounting and dismounting was inevitable, the reproducibility of the 
data was inferior compared with the case of the solid cage. 


Change in rolling axis of ball 


The fluctuation of the amplitude with the period 7; as shown in Figs. 6—r0 tends to 
maintain its wave form for a long time or after repeated increase and decrease of the 
shaft speed. Further, it has been verified that the behaviour of each ball is exactly the 


same except for its phase. The resultant current induced by the magnetized balls has a 
regular form shown in the oscillograms in Fig. 14. 
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Denoting the frequency of the fluctuation by ms c/min or ws rad/sec = 27/Ts, the 
ratio Ws/@c is equal to the difference of w»/me from the nearest integer m. The relation 
can be written 


@s/Me = |(@v/@c) —m| or ns/Ne = |(n»/nc) — m| (5) 


where m» = 27w»/60 and n- = 2mw-/60. Because wy*/m-* = 5.30 in the case of No. 
6307 as in Table I, the value of m is 5 with a few exceptions corresponding to m = 4. 
In the case of No. 7307, however, where considerable slip is observed, several values 
2,3 and 4 frequently appear beside m = 5. This means that the period 7; is determined 
by the number of revolutions until the accumulation of the phase lag of the motion of 
the ball becomes 2z. 
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Fig. 15. Change of rolling axis plotted against shaft speed. 


Aa 
1 
3 | 30 
i 
| : 
ot | REI tof | 
1 1 
3 4 Mb/ne 59 it 61 Mb/ng 
Cc 


Fig. 16. Change of rolling axis plotted against Ny| Ne. (a) No. 6307. Ne = 100 kg. @, spindle oil 10 

cc/min; ©, cylinder oil 9 cc/min; © cylinder oil 0.8 cc/min; A spindle oil + 0.1% quartz powder; 

x grease 1 cc. (b) No. 7307.0 @, P = 100 kg; 0,0 kg. (c) No. 6306, P = 100 kg. (d) No, 6208, 
e, P = 100kg; 0, okg. 


As explained above, the fluctuation of the amplitude represents the change of the 
angle between the rolling axis and the magnetic axis. Accordingly, the frequency @s or 
nz is that of the fluctuation of the instantaneous rolling axis relative to the ball. For 
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the sake of brevity it will be designated as Aw in the following description. Plotting 
Ax, calculated by means of the calibration curve in Fig. 5, against the shaft speed, the 
curves show resonance as in Fig. 15. The dependence of Aa on speed is not unique. The 
relation becomes different if the slip varies owing to the change of load or other factors. 

It is readily seen that the peaks of the curves in Fig. 15 correspond to the integral 
values of the ratio m»/%e = wv/mc. Hence, plotting Ax against the ratio, the experimen- 
tal points fall on aunique curve as shown in Fig. 16. Especially in the case of the No. 
6307 the change exceeds 70° near the point m = 5 and 4. Four peaks corresponding to 
m = 2, 3, 4 and 5 are clearly observed in the case of No. 7307. The curves show close 
proportionality to |cosec (w»/mc)| = cosec (7@s/Wc). The proportionality constant, 
i.e., Ax + sin (71@s/@c) increases with slip S. In the following section this relation will be 
interpreted theoretically. 


DISCUSSION 
Cause of change in rolling axts of ball 
Since at the beginning of the slip the position A of the ball in Fig. 17 is considered 
to be constant under given operating conditions, the displacement of a point Co on the 
surface of the ball, e.g. the displacement of the magnetic pole after each revolution of 


Fig. 17. Displacement of magnetic pole due to slip. 


the ball centre, may be treated as follows. If the ball behaves as a roller in a roller 
bearing, the point Co makes wp/we revolutions about the x-axis at the end of one 
revolution of the ball centre and comes to the point Co’. The shift of the phase angle is 
then expressed by 


B = 2n{(@o/ec) — m} or |B| = 270s/W¢ (6) 
After successive revolutions of the ball centre the point travels toCo’’,Co’’’,... Because 
ZCoOx = £Co'Ox =... =.« in this case, the fluctuation of the amplitude does not 


occur. 


In order to explain the fluctuation of the amplitude, a deviation of the point Co 
from the path Co’Co'’Co’”’. . . should be assumed. Let the position of Co after the devia- 


Wear, 4 (1961) 177-197 


MOTION OF A BALL IN A BALL BEARING I9l 


tion beC;’. It may be reasonable to assume that the deviation is caused by the angular 
displacement ¢ about the diameter AB (y-axis) passing the contact point A. At the 
unloaded side the ball is set free from the contact with the inner race, though the 
contact with the outer race is still maintained here owing to the centrifugal force act- 
ing on the ball. Thus the effect of the cage on the motion of the ball becomes signifi- 
- cant at the unloaded side. Actually, there is always more or less deviation from the 
ideal contact condition. Especially, the contact point of the ball with the pocket hole 
of the cage or with the groove of the outer race may have a slight offset from the plane 
of symmetry of the groove. The offset causes a spinning moment about the axis AB. 
This suggests the origin of the displacement e, 7. e., the spin. 


Fig. 18. Displacement of magnetic pole due to successive slip and spin. 


Fig. 18 illustrates the motion of the point Co as a result of the successive dis- 
placement f and e. Actually, the ball rolls with the theoretical angular velocity wo* 
at the loaded side and then slips at the unloaded side. However, it is assumed for brev- 
ity that the rolling velocity is equal to the constant mean angular velocity mw» and 
that the displacement ¢ takes place instantaneously at the point A. 

Starting from the point Co, b-displacement transfers it to Co’, which comes to C1’ 
after ¢-displacement. When the displacements are repeated the point travels to C1’, 
Col’, Ca’, ... , Cn. If the point Co is the magnetic pole, the angle / OC, is equal to 
the angle « for each revolution of the cage. The amplitude of the oscillogram is represent- 
ed by sin /xOC,™). The difference between omax and amin Shown in Fig. 18 is the 
change of the rolling axis relative to the co-ordinate system fixed to the ball. 
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Theoretical consideration 
In the following analysis the position of the point on the ball is expressed by the 


unit vectors 


(n) .(n) 
(a) Vn (4n, Vn Zn) and Gas: tae (¥n-1, Vn-1, Zn-1) (7) 


where n = 1,2,... The displacements f and ¢ are represented by the transformations 
of the vectors from 7p-1 to 7n’-1 and from /n’-1 to ’n, respectively. These transformations 


are also written as the matrices 
I fo) fo) cos¢é oO. sine 
>, == ; cos B —sin 5| and Yo== | Co) I co) | (8) 
o sinf cos p —sineé oO cose 
The relation between the vectors is then expressed by 
ne Xn Xn Mn a Nn-1 x0 
a . s [>| i [>| zi a = es = = ee B * 
Zn Zn Zn Pnen Zn-1 20 


Now, it is known that the resultant transformation T = YX is equivalent to the 
angular displacement y about the unit vector e(A, w, v)®. Tis written as 


cos y + A2(1—cos yp) —yvsin y + Au(i—cosy)  wsin y + Av(1—cos yp) 
We | sin y + wA(I—cos wy) cos y + “?2(I—cos y) —Asin y + wr(I—cos »| (ro) 
—wsin yp + vA(I—cos py) Asin y + vu(1—cos yp) cos y + v?(I—cos y) 
where 
A = cos (e/2) sin (B/2)/sin (w/2), = sin (e/2) cos (B/2)/sin (p/2) 
y = —sin (e/2) sin (6/2)/sin (py/2) and (11) 
cos (p/2) = cos (e/2) cos (8/2) or sin (p/2) = y/1—cos? (e/2) cos? (B/2) 


Since the repeated transformation (YX)”" = T” represents the angular displacement 
ny about the e-vector, it is derived from (10) by substituting ny for y: 


T»(y) = T(ny) (12) 
Hence from (9), (10) and (12) 
¥n = [cosnp + A(t — cos np)]vo + [— vsinny + Au(t — cos ny) |Vo + 


+ [usin ny + Av(1 — cos ny) ]zo = 
= A (Axo + wo +20) + cos ny[x%o — A (Axo + wo + vz0)] + sin ny (uz — vyo) (13) 


Denoting by ZeOx and / eOro the angle between e-vector and x-axis and that be- 
tween e and 7o-vector, respectively, eqn. (13) is written as 


%n = cos (/ eOx) cos (/ eOro) + sin (/eOx) sin (/eOr) cos -u (14) 
where 


cos (/eOx) = A, cos (/ eOro) = Axo + wo + vzo and 
u = ny — sin~ (uz — vyo)/sin (7 eOx) sin (7 eOro) 


are substituted. 
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Since 7 xOCyp™) = 7 xOrn = o, as previously mentioned, xn is equal to cos «a. 
After rewriting (14), 


cos a~ = cos (/ eO7) — /eOx) cos? (u/2) 4+ cos(ZeO7v + /eOx) sin? (u/2) (16) 


The variable w takes discrete values with increasing n. However, it is assumed here 
that w behaves as a continuous variable. This assumption of simplification may be 
permitted, except in the case where w/z is expressed by a ratio of simple integers. Then 
the maximum and minimum of « are attained at uw = (2k + 1) a and u = 2km, respec- 
tively (k = integer). Thus 


X&max = £eOr% + ZeOx and a&min = |Z eO% — / eOs| (17) 

Hence 
ZeOx = (%max — Omin)/2 = Ao/2 (for ZeO7r) > eOx) (18) 
or / €O* = (&max + &min)/ (for 7 eOr9g < eOx) (18)’ 


The expressions (16), (17) and (18) are represented graphically in Fig. 19. Take two 
points A’ and B’ corresponding to omax and %min on the unit circle. Then describe the 
circle with the diameter AB, where A and B are the projections of A’ and B’ on the 
horizontal axis. The angular co-ordinate of the circle AB is the variable u in (14) or 


= 
NAAN 


Fig. 19. Diagrammatic representation of fluctuation of amplitude. 


(x6). The ordinate of the point on the circle A’B’ is found to be sin x from (14) and (17). 
Since the amplitude of the oscillogram is proportional to sin «, the wave form is repre- 
sented by the figure obtained by plotting the ordinate of the circle A’B’ against the 
abscissa u. 

Special attention must be paid to the expression (18’), which shows that the angle 
Xmin may be taken in the negative sense, as shown in Fig. 19 by B’”’. Even if the change 
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Ax is the same as in the normal case (18), the circle A’’B’’ becomes smaller. The 
fluctuation of the amplitude decreases correspondingly. When amax exceeds 90° as in 
Fig. 19(b), the amplitude has two maxima within the period7’s. The oscillogram Fig. 7(k) 
is an example of actually observed records. These two cases must be distinctively 
treated in the analysis of the data. Their occurrence, however, is rather rare and the 
difference from the ordinary case is readily apparent. 
Now, considering cos(/¢Ox) = A, eqn. (18) can be written as 
sin (da/2) = ~1—A? 
Substituting (11) for A, we obtain 
sin (da/2) = sin (e/2)/sin (p/2) (19) 
The period of the change of « is represented by ny = 2m according to eqn. (13). On the 
other hand, the period 7; in Fig. 6 contains » revolutions of the cage, 7.e., Ts = uTc. 
Hence 
y = 2n/n = 2nT-/Ts = 270s/We 

Then the relation (19) becomes 

sin (Aax/2) = sin (e/2)/sin (7@s/a@c) = sin (e/2)/|sin (7@o/ec)| (20) 
where (5) or (6) is substituted. The expression (20) verifies the experimental results 


shown in Fig. 16. A more detailed discussion of the quantitative relation between the 
spin ¢ and the slip S will be developed in the next section. 


Relation between slip and change in rolling axis 


As mentioned above, the change in the rolling axis of the ball is clearly explained by 
assuming the existence of spin associated with slip. In order to find the factors affect- 
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Fig. 20. Relation between slip and spin. (a) No. 6307. P = 100 kg. (b) No. 7307.0, P= 0 kg, 
@, 100 kg, solid cage; A, 0 kg, A, 100 kg, cageless. (c) No. 6306. P = roo kg. (d) No. 6208. 0, 
P=okg; @, 100 kg. 
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ing spin, it must be calculated first by substituting the observed data of w/e 
(or @s/@c) and Ax into relation (20). On plotting the results against the mean slip 
S it is finally confirmed that the spin ¢ is proportional to S, as in Fig. 20. 

The proportionality constant, however, is found to depend on the type of bearing 
and on the operating conditions. Since the spin probably originates in the asym- 
metric contact of the ball with the pocket hole of the cage or with the groove of the 
outer ring, the following experiment was carried out, exaggerating this effect. One of 
the pocket holes was offset in the axial direction of the bearing. The amount of the 
offset was 0.3 mm in the extreme case and 0.15 mm in the moderate case. The results 
in the former case are shown in Fig. 21. The position of the hole in which the magnet- 
ized ball was inserted is specified by the angle measured from the centre of the offset 
hole in the direction of the revolution of the cage. The axial deviation of the holes in 
the assembled cage into the bearing was shown also in Fig. 21. The holes 0° (offset 
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Fig. 21. Slip of balls in cage with offset hole. P = 100 kg, spindle oil ro cc/min. 


hole), 45° and 180° occupied the external position and the holes go°, 135°, 225° and 
270° the internal position. The cage was supported by the balls in three external holes. 
The four internal balls were supposed to be free from contact with the inner race. 
This is confirmed by the fact that the slip occurs at the internal holes, as shown in 
Fig. 21, and that at the external holes negative values are obtained. The negative slip 
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represents the overrun of the ball owing to the offset of the ball centre. In the inter- 
mediate case of the hole 315°, the ball shows small positive slip at lower speed. 
Further, it was found that the spin ¢ calculated by using eqn. (20) is larger at the 
holes go° and 225° than at the holes 135° and 270°, as shown in Fig. 22. Consequently, 
one may conclude that the larger the offset of the ball centre from the plane of sym- 
metry of the bearing, the greater is the spin of the ball. The result of the smaller offset, 
0.15 mm, also supports this conclusion. Here, the contact of the balls was much 
looser except at the offset hole. Negative slip occurred only at the offset hole. In Fig. 
22 it is shown that an appreciable spin is also associated with the negative slip. The 
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Tig. 22. Spin of balls in cage with offset hole. 


spin associated with positive slip is considered to have no harmful influence upon the 
operation of the bearing, because it occurs at the unloaded side. On the contrary, the 
negative slip is caused by the asymmetric contact of the ball with the grooves of the 
rings, and consequently the harmful effect of the spin becomes inevitable. In this 
research the experiments under thrust load were disregarded. In order to find the 
unfavourable effect of slip and spin, however, further investigation should be carried 
out under thrust and combined loads. 


CONCLUSIONS 


By using a magnetized ball it was possible to follow the behaviour of the ball in a 
ball bearing under radial load. The motion of the ball was found to be three-dimen- 
sional and associated with slip and spin. The conclusions are as follows: 

1. Slip of the ball occurs at the unloaded side, where its contact with the raceways is 
looser. Slip decreases with increase in speed and load. It increases with radial clearance. 

2. The instantaneous rolling axis relative to the ball changes regularly. Its change 
is closely related to the slip. 

3. The cause of the change in the rolling axis is spin during slip. The angular dis- 
placement of the spin is proportional to the mean slip. 

4. The spin increases with the asymmetry of the contact of the ball with the cage 
or with the grooves of the races. 

5. Further increase in asymmetry causes negative slip. Under pure thrust load no 
slip is observed ; in this case the contact is considered to be still maintained. 
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SUMMARY 


A study has been made of the frictional properties of two felts in contact and of felt in contact 
with hard surfaces of steel and Tufnol. By using the method of HUFFINGTON AND SToUT®?, it is 
shown that the number of contacts per unit area between felt and a hard surface is still increasing 
at a pressure of 3.2 kg/cm. The steady value for the number of contacts per unit area, observed 
by HUFFINGTON AND STouT?? in the pressure range 60-200 g/cm?, appears to bea local stationary 
value arising from the compression of the fibre batt produced during the felting process. The steep 
rise in the number of contacts at very low pressures probably characterises the condition of the 
surface layers of the felt and might be of considerable technological interest to manufacturers of 
textile felts as a method of assessing textile finishes. Because the numbers of contacts between the 
surfaces increase with the applied pressure, cyclic loading produces a loop in the plot of frictional 
coefficient against pressure. In this loop, the branch corresponding to the pressure-decreasing half 
cycle shows the higher coefficients. 

For two felts in contact it has not been possible to detect either an increase in the number of 
contacts between the felts with increasing pressure or any loop in the plot of the frictional coeffi- 
cients against pressure for cyclic loading. When the sliding surfaces are immersed in water an 
exaggerated loop is obtained in the plot of coefficient against pressure under cyclic loading for 
felt sliding on a hard surface, but no loop has yet been detected for two felts in contact. 


ZUSAMMENFASSUNG 


Es werden die Reibungseigenschaften zweier miteinander in Beriihrung stehender Filze untersucht, 
sowie die Reibungseigenschaften von Filzen, die mit Stahlflachen und mit Tufnol in Beriihrung 
stehen. Under Anwendung der Methode von HuFFINGTON uND Stout? wird gezeigt, dass die 
Anzahl der Beriihrungen pro Flacheneinheit zwischen Filzen und harten Oberflachen, bei einem 
Druck von 3.2 kg/cm?, noch im Zunehmen begriffen ist. Der von HUFFINGTON UND Stout im 
Druckbereiche von 60-200 g/cm? beobachtete, stete Wert der Anzahl der Beriihrungen pro 
Flacheneinheit, scheint ein 6rtlicher, feststehender Wert zu sein, der sich aus der Verdichtung des 
Faservlieses wahrend des Filzvorganges ergibt. Der steile Anstieg der Anzahl der Beriihrungen bei 
sehr geringem Druck ist wahrscheinlich ein Kennzeichen fiir die Beschaffenheit der Oberflachen- 
schichten des Filzes und kénnte, als Methode zur Beurteilung textiler Veredlungen, von bedeuten- 
dem technologischen Interesse fiir die Hersteller textiler Filze sein. Da die Anzahl der Beriihrungen 
zwischen Oberflachen mit ansteigendem Drucke zunimmt, wird die zyklische Belastung eine 
Schlinge in der Reibungskoeffizienten/Druck-Kurve verursachen. In dieser Schlinge weist die der 
Druckabnahme entsprechende Zyklushalfte die hGheren Koeffizienten auf. 

Bei zwei, miteinander in Beriihrung stehenden Filzen konnte weder eine Erhéhung in der An- 
zahl der Beriihrungen zwischen den Filzen bei steigendem Druck festgestellt werden, noch eine 
Schlinge in der Reibungskoeffizienten/zyklischer Belastungsdruck-Kurve. Werden die Gleit- 
flachen in Wasser getaucht, so ergibt sich in der Reibungskoeffizienten/zyklischer Belastungs- 
druck-Kurve fiir Filze auf harten Oberflichen, eine iibertriebene Schlinge, wahrend bei Filz auf 
Filz noch immer keine Schlinge festgestellt werden konnte. 
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THE NATURE OF FELT AND THE FELTMAKING PROCESS 


Felt is produced from masses of animal fibres by the relative movements of the fibres 
under the action of applied forces. These cause the mass to shrink and consolidate, 
so that it is compressed into a smaller volume and permanently sewn into this con- 
dition by the movement of the fibres through it. The fibre movement and the felting 
are assisted by the presence of moisture and either acid or soap!.2, and also by 
increased temperature’. To exhibit the felting property, the fibres must have a 
structure which produces a differential friction effect4 making the frictional resistance 
to movement in the two longitudinal directions different. In animal fibres, such as 
wool and fur, the differential friction effect is produced by the scale structure, which, 
in the natural pelt, prevents water running down the fur and wetting the underlying 
skin. The direction of the scales is such that the frictional resistance is less for the 
movement towards the root end of the fibre. It has been shown that, in producing felt 
under the action of mechanical forces, the fibres travel through the mass with the root 
end leading®:6.7.8. Thus the frictional properties of animal fibres are of considerable 
importance in the manufacture of felts of all types, and a number of investigators have 
made studies of fibre friction®—!’. 

In construction, the machines used for making felt are very varied. One of the most 
efficient is the multi-roller in which the felting action is obtained by passing the felt 
through a series of pairs of rollers performing an out-of-phase oscillation parallel to 
their axes. The shearing action produced by the oscillation is transmitted to the felt 
by the frictional grip between it and the rollers. Thus the frictional grip between the 
felt and the material from which the rollers are constructed must have an important 
bearing on the performance of the machine. The performances of other machines 
depend in a similar manner upon the frictional properties of contacts between the felt 
and the machines. 

When multi-roller machines are employed to make felt hat bodies, it is necessary to 
carry out one operation by hand. Felt hat bodies are formed as conical frustrums, 
open at the wide end and closed by a spherical cap at the narrow end. These are passed 
through the machine folded flat so that two halves of the inner surface are in contact. 
To prevent the inner surfaces felting together, it is necessary to change the position of 
the fold frequently. At the present time this is done manually and is known as crozing. 

Devices for crozing the hat bodies mechanically have been suggested and the most 
common is based upon the principle of passing the hat bodies between rollers running 
at different speeds. For the device to work satisfactorily, the frictional grip between 
the rollers and the wet bodies must be higher than that between two pieces of wet felt. 
This again stresses the importance of the frictional properties of contacts between felt 
and the materials used for making rollers in felting machines, and these consider- 
ations form the technical justification for the present study of the frictional properties 
of felts in contact with other constructional materials under dry and wet conditions. 


APPARATUS 


The apparatus (Fig. 1) was designed to measure the coefficient of friction between two 
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samples of felt and between felt and other materials. To include conditions near to 
those in felt-making machines, measurements could be made with the surfaces immers- 
ed in water and other solutions. The area of the surfaces in apparent contact could be 
varied from 3 to 6 square inches and the applied loads from 2 to 60 kg. 
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Fig. 1. Apparatus used for investigating the friction between felt and other materials under dry 
and wet conditions. 


Flat samples of the materials to be tested in contact with felt were used, and they 
measured approximately 5 x 2 x 4} in. thick. These formed the lower test surfaces 
and were mounted on the block (1) fixed to the bottom of the liquor tank (2), which 
can be provided with a thermostatically controlled heater. The lower test surface was 
levelled by screws (not shown) attached to the base of the apparatus. The upper sample, 
usually of felt, was mounted on a smaller block (3), which rested on the block (1). 
Block (3) was saddle-shaped and loaded to reduce turning moments by bringing 
its centre of gravity near to the level of the experimental surfaces. 

The tank (2) together with the lower block (1) was moved forward on rails at a 
constant speed of 1.8 mm/sec by a plunger (4). Because of the friction between the 
experimental surfaces, the upper block tended to move with the lower one but was 
prevented from doing so bya lever system. This system was connected to the top saddle 
block by a forked bar (5) sliding in the cross head (6), fixed to the tank. The bar car- 
ried a pin (7) which engaged with a second fork on the vertical arm of the bent lever 
(8). The horizontal arm of the lever was rigidly connected to the baseboard through a 
strain gauge transducer. The strain in the transducer, which is a measure of the 
frictional force, was recorded on a dynamic strain recording equipment (Kelvin & 
Hughes Single-Channel Amplifier Unit). The height of the bar and the cross head 
could be adjusted by screws (g) to the level of the test surfaces. 

The transducer consisted of a beam, approximately 3 in. in length, made of a 
hardened steel of high proportional limit. It was clamped at each end and attached at 
its centre point to the lever (8). A temperature-compensating system of two active 
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gauges was produced by cementing two resistance strain gauges (Phillips PR 9212, 
600 Q) one to the upper and one to the lower surface along the same half of the beam. 

The bearing supporting the beam (10) was rigidly fixed to the tank. It carried sliding 
weights for adjusting the load which was applied to the upper block via a low- 
friction trolley (not shown). The trolley was fitted with rollers so that it moved 
easily along the top surface of the block (3) when the tank was pushed forward. 

All the bearings were of PTFE on stainless steel and the cross-head was of PTFE 
sliding on bronze. The tank and blocks (1) and (3) were also of bronze. 


Clamping the felts 

Considerable difficulty was found in preventing the felts from slipping on the 
backing materials. Adhesives were unsatisfactory. If they did not penetrate the felts, 
only the surface fibres were attached and the bond was very weak, but when pene- 
tration was sufficient to give a satisfactory bond, the adhesives affected the frictional 
properties of the thinner felts. 

The most successful method for both wet and dry conditions was to use waterproof 
Carborundum Cloth No. 80 X asa backing material. This was fixed with rubber cement 
(Dunlop Compositions Division S 708) to blocks of Ferobestos or steel, which were 
parts of (1) and (3). The felt was clamped across these blocks under sufficient tension 
to prevent it stretching further during the test. If the tension was insufficient the felt 
billowed away from the block. 


Calibration 

In order that a wide range of pressures could be investigated, beam transducers 
suitable for different load ranges were used. These had to be calibrated to give deflec- 
tions on the recorder corresponding to known loads. The most sensitive beam was 
used to estimate the friction in the machine bearings and in the loading system. For 
this a trolley and steel plate similar to those above the block (3) were used in place of 
the experimental surfaces, and the frictional force measured for a series of loads. It 
was assumed that the force at zero load Fo represents the friction in the bearings and 
that half the increase in friction F; with load is that between one trolley and steel 
plate. Thus the friction in the machine is given by: 


F=Fo+ 4F 


or 
F = 0.35 + 0.029 L (kg) 


where L = applied load. 
This correction has been made to all the measurements of the frictional force. 


THEORETICAL 


Amontons’ laws of friction state: (a) the frictional force F’ is proportional to normal 
load W, so that the coefficient of friction (u = F'/W)1s a constant fora given pair of 
surfaces, and (b), the frictional force is independent of the apparent area of contact 
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between the surfaces. These laws are obeyed by many metals under a wide range of 
experimental conditions!§ but for fibres and fibre assemblies the relation between I’ 


and W becomes 


F = kwn (1) 


where 7 takes values between 0.6 and 1.019-20.21, 

Howe LL? has shown that this equation applies for wool fibres. By using a modified 
form of the capstan equation he obtained a value of m = 0.75 from the experimental 
observations of MARTIN AND MITTELMANN23. LINCOLN24 extended KING’s?® measure- 
ments using the same apparatus and found the best value of 7 to be 0.8. GROSBERG?® 
also found that MERCER AND MAKINSON’s?’ results for wool fibres could be expressed 
in this way, with a value of nm = 0.62. 

In eqn. (x) it is assumed that the friction arises from adhesion at points of real 
contact of total area A and that the junctions at the interface have a constant shear 
strength S. Thus the frictional force F = SA, and in general the real area of contact 
increases with W according to the relation Ad = KW”28.29, This gives the frictional 
law F = kW", 

The theoretical examinations of spherical elastic asperities in contact with a flat 
surface made by ARCHARD?28 and by LoDGE AND HOWELL*® show that 2 depends on the 
geometry of the surface. The significance of » for fibres and fibre assemblies has been 
discussed by HUFFINGTON AND STouT?!,32, who point out that it varies for the same 
material from one experimenter to another. They argue that a single contact region 
between two crossed fibres consists of a number, N, of separate asperity contacts and 
that this number may vary with load. The equation for a single asperity contact un- 
der a load w, they assume to be 


F, = aw™ (1a) 


The total frictional force between the two crossed fibres is then shown to be 

F = fa Ni-m wm 
where { = w”/(w)™ and depends on the distribution of the load among the asperity 
contacts. In general, N will increase with the load W and using the relation N = C WA 
(supported by the theoretical analysis of LobGE AND HowELL?°) they arrive at the 
equation 


he faCi-n Wa-m)+ m 


which is equivalent to (1) if w = B(1—m) +m 


Thus the value of m depends not only on the deformation of the fibre, but also on 
the way in which the number of asperity contacts varies with load. 

The above discussion merely sketches the relevant part of a very large topic. 
RUBENSTEIN!° has made a much more detailed review of the large amount of work 
which has been done on the frictional properties of textile fibres, yarns and fabrics. 
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WOOL FELT FRICTION 


The total frictional force between felts consists not only of the sum of the frictional 
forces at each of the fibre contacts but also of a term representing force required to 
deform the felts. In the apparatus described a felt fixed to the lower surface is com- 
pressed by the upper block and before this can slide, part of the lower felt surface 
immediately in front of the block must also be compressed. The force required for this 
compression, will produce an additional term in the static frictional force. 

Consider two pieces of felt in contact under a load W and let the number of fibre 
contacts in the surface be Ny. The load will be unequally distributed among the con- 
tacts as in the analysis given by HUFFINGTON AND StoutT®!. In the present analysis it 
is assumed for simplicity that the load is equally distributed among the contacts so 
that the load on each is given by the average value w = W/N;. The frictional forces 
F, at each of these contacts are also equal. The sum of the frictional forces at the 
fibre contacts is Ny F1. This gives a total frictional force between the felts of 


F=WN;F,+D 


where D is the additional term for compression of the felt in front of the upper block. 
The frictional force F; at each fibre contact is related to the load w on the contact by 


Fy, = aw” (2) 


where u has the same interpretation as in eqn. (1), and has the approximate value of 
0.8 for wool fibres. The number of asperity contacts between the felts will be the 
number of the fibre contacts N+ multiplied by the average number of asperity con- 
tacts per fibre contact Na. According to HUFFINGTON AND STOUT?!, the value of in 
eqn. (2) above takes account of any change in Na with load. This change may differ 
from one experimental arrangement to another and would explain the discrepancies 
which occur in the values of m found for wool fibres. 
By using eqn. (2) the frictional force between the felts may be written. 


F= Naw +D 


oar Ny (1—n) 
giving U—lp = 4 (=F) o<n<I (3) 


where up = D/W the equivalent coefficient arising from the deformation of the felt. 

In eqn. (3), Ny is the total number of fibre contacts over the whole contacting 
surtace and W the total applied load. Thus if N is the average number of contacts 
per unit area of surface and P the apparent pressure, the equation may be written 


N\1-n 
U—lp = 4 (5) 0 <n< iI (4) 
which predicts a reduction in coefficient with increased pressure as shown in Figs. 


2 and 3. 
This relationship (eqn. 4) has been examined experimentally in the form of a loga- 
rithmic plot of (“—-wp) on P. Before this could be done, it was necessary to examine 


the magnitude of the deformation term /up. 
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Estimate of the sliding resistance arising from deformation of wool felt 


In any experimental work involving the measurement of the sliding resistance 
between a deformable and a non-deformable surface two experimental arrangements 
are always possible. Considering a felt-covered block resting on a larger steel plate, no 


a 


Coefficient of friction 
aa 


0.3 oO 


0.2 
(0) 1 2 S| 4 
Apparent pressure (kg cm?) 


Fig. 2. For two dry felts in contact w is a unique function of pressure, not load as required by 
Amontons’ laws. ©, Area 38.7 cm?. x, Area 19.5 cm2. i 
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Fig. 3. For two dry felts in contact yu is inde i i i 
1 c pendent of the felt density and weight per unit area. 
© Density 0.154 g/cm3, weight 0.056 g/cm3; x Density 0.149 g/cm3, weight ae Beat Oo Dag 
sity 0.544 g/cm, weight 0.158 g/cm3; + Density 0.147 g/cm3, weight 0.014 g/cm3. 
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additional deformation of the felt occurs when the block slides over the steel plate. 
For a steel block resting on a larger felt surface, however, the felt must be compressed 
in front of the block before sliding can occur, this produces the additional deformation 
term jip in the coefficient of friction. The difference in the coefficients obtained under 
these two experimental conditions is a measure of the additional term arising from 
the deformation of the felt in the second case. For a sliding block two inches wide this 
was found to be equivalent to a coefficient of 0.006 and not to change significantly 
between pressures of 300-2,400 g/cm?. 

It is assumed, in the following analysis, that this value of (1p applies to experiments 
with two felts in contact and that it is independent of pressures within the range 
examined. 


TWO DRY FELTS IN CONTACT 


The coefficient of static friction between two felts under various loading conditions 
has been investigated using the apparatus described. The felts were pre-conditioned 
for at least twenty-four hours in an atmosphere of 65% R.H. and 21°C, but the tests 
were made under ambient atmospheric conditions. Twenty determinations of “ on 
one pair of felts under constant load were measured. Generally, there was a slight 
overall decrease in throughout the series but greater differences were found between 
consecutive measurements (Table I). Thus consecutive measurements can be made on 
the same felt without any significant effect arising from wear. 


TABLE I 


REPEATED MEASUREMENTS OF COEFFICIENTS OF FRICTION AT TWO LOADS 


— Pressure 
3-13 kg/cm? 0.045 kg/cm 
Test number 


I 0.302 0.579 

3 0.279 0.500 

5 0.279 0.524 

if 0.269 0.488 

9 0.206 0.522 

iit 0.269 0.522 

13 0.269 0.522 

15 0.272 0.466 

17 0.269 0.522 

19 0.269 0.545 

20 0.269 0.545 

Average of all twenty 0.2725 0.5172 
S.E. of observation 0.00981 0.0236 


Using a felt having a density of 0.15 g/cm? and a weight per unit area of 0.056 g/cm? 
values of the coefficient were found for the same series of loads on areas of contact of 
19.4 and 38.7 cm?. When the values of the coefficient were plotted against the total 
load, separate curves were obtained for each area of contact, but when plotted against 
the apparent pressure in the range 90-3,200 g/cm? the coefficients formed a single 
relationship common to both contact areas (Fig. 2). This is the justification for 
studying eqn. (4) rather than eqn. (3) although they are equivalent. Since this work 
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was completed HUFFINGTON AND StouT®? have published a corresponding result for 
felt in contact with Tufnol covering a lower range of pressures from 2-220 g/cm? and 
areas of 28.65 cm? and 3.65 cm?. 

Thus, for felt, the frictional coefficient is not a unique function of the total load 
but a function of the apparent pressure between the surfaces. These experiments were 
extended to include wool felts varying in initial density from 0.147 g/cm to 0.544 
g/cm’ and varying in weight per unit area from 0.0141 g/cm? to 0.158 g/cm?. The 
relationships between coefficient and apparent pressure for these felts were not 
sufficiently different to establish any dependence of the coefficient on the unloaded 
density or the weight per unit area of the felt (Fig. 3). 


INVESTIGATION OF THE RELATIONSHIP IN EQUATION 4 


By taking logarithms, eqn. (4) may be expressed in the form 
log (u—fip) = (n—1) log P + log a(N)!-” (5) 


and by plotting log (w—,vp) against log P a linear relationship should be obtained 
giving an estimate of 1 from the slope. 

Using measurements of the frictional coefficient between a number of pairs of 
different felts, obtained with a sliding surface two inches wide and assuming wp = 
0.006, the plotted points in Fig. 4 were obtained. Regression analyses on the results for 
different felts showed no significant differences between the relationships and no 
significant curvature in any case. The line of best fit is shown in the diagram, and 


og log (H - pip) = log a N'™O-(1-n) log P 
slope = - 0.232 = -(I-n) 
“~n=0.768 
0.8 
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Log P= Log apparent pressure (g/cm2) 
Fig. 4. The frictional equation F = KW derived for dry contacts between fibres and fibre 


assemblies applies also to two dry felts in contact and the value of n — 0.768 is in agreement with 
values obtained from experiments on fibres. 
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although the scatter is high the estimate of » = 0.768 (standard error = 0.021) is in 
very good agreement with the values obtained from wool fibre experiments by other 
workers??.24,26, 

Because of this apparently unique relationship between frictional coefficient and 
pressure which is independent of area of contact, felt density and weight per unit 
area, the term log a(N)1~” in eqn. 5 should be independent of applied pressure, area of 
contact, density and weight per unit area; and since a and ” are fibre constants which 
should not be affected by felt make-up and experimental conditions, N the number of 
fibre contacts per unit area between two felts should also be independent of applied 
pressure, area of contact, felt density and weight per unit area. However, in view of 
the large spread in the results plotted in Fig. 4 which may include differences in the 
fibre constants a and n arising from different batches of fibres, such a conclusion 
would be rather sweeping. It would be better to conclude that the systematic variation 
in the number of fibre contacts per unit area between two dry felts produced by the 
changes in pressure, apparent area of contact, density and weight per unit area are 
probably small and not greater than differences produced by variations in the fibre 
constants a and n. For contacts between dry felt and steel this conclusion is not true, 
as will be demonstrated. 


DRY FELT ON POLISHED STEEL 


When the frictional coefficient for dry felt sliding on steel is measured with the 
pressures applied in the order of increasing magnitudes, there appears to be no syste- 
matic change of the coefficient within the pressure range of g0-3,100 g/cm? (Figure 5). 
From this experiment alone it is not possible to decide whether the frictional coeffi- 
cient is a unique function of load or pressure. 

In the case of felt sliding on steel under the pressures investigated, the deformation 
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Fig. 5. The increased values of the coefficients obtained for dry contacts between felt and stainless 
steel when the pressures are applied in the order of decreasing magnitudes. ©, Loads increasing. 
x, Loads decreasing. 
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term jp in the relationship between coefficient and pressure must be very small and 
may be ignored. Equation (4) then becomes 


ee (5) (6) 


But Fig. 5 shows that over the greater part of the pressure range examined, « is 
independent of pressure, whence the ratio N/ Pin eqn. (6) is constant and the number of 
fibre contacts per unit area of surface, N, must be proportional to the applied pres- 
sure, P. When dry felt is compressed it is well known that, owing to the high friction 
between the fibres, the felt does not recover its original thickness immediately, and 
therefore it is likely that the increased number of fibre contacts produced by com- 
pression will remain after the applied pressure has been removed, and higher friction 
coefficients might be obtained with felt that has been previously compressed. 

The experiment from which Fig. 5 was plotted was therefore extended, and the 
pressures applied first in the order of increasing magnitudes and then in the order of 
decreasing magnitudes. As predicted, higher coefficients were obtained at the lowest 
pressures in the second case. The increase in the coefficient, produced when the felt 
has been previously subjected to higher pressure (as shown in Fig. 5) is not very 
large. But for the surfaces in the dry state the effect increases with the difference 
between the previously applied pressure and that used for the measurement of the 
coefficient. It also increases with the time of application of the preliminary com- 
pression and decreases with the time elapsed between removal of the preliminary 
compression and the measurement of the coefficient. As the felt slowly recovers from 
compression when left in the unloaded condition for a period of time so does the 
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Fig. 6 No increase in the coefficients is obtained when the pressures are applied in order of 
decreasing magnitudes to two dry felts in contact. ©, Loads increasing. x, Loads decreasing. 
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observed increased frictional coefficient decay and return to something like the 
original value. 

Since the compression of the felt before measurement of the frictional coefficient in 
contact with steel, produces an increase in coefficient and also an increase in the 
apparent density of the felt, it might be expected that felts of greater apparent density 
would show higher frictional coefficients in contact with steel. When experiments were 
made to confirm this no significant change in coefficient with the apparent density of 
the felt could be detected. The differences observed were not greater than the differ- 
ences between two pieces of felt of the same apparent density. 

The contradiction appears to arise because, for the felt examined, the effect of 
apparent density on frictional coefficient is confined to pressures below those con- 
sidered. This becomes evident when the work of HUFFINGTON AND STOUT is considered 
and the dependence of numbers of contacts per unit area on pressure is discussed 
(see following section). 

Similar experiments were made in which two dry felts in contact were subjected 
to cyclic loading, but these did not show increased coefficients at the lower pressures 
when the pressures were applied in the order of decreasing magnitudes (Fig. 6). This 
is in accordance with the previous results, which indicated that the number of fibre 
contacts per unit area between two felts in contact was independent of the applied 
pressure. 


DRY FELT ON PHENOLFORMALDEHYDE RESIN MATERIALS 


Polished stainless steel has been taken as the typical example of a smooth hard 
surface for characterising the frictional behaviour of felt. Other hard materials might 
have been used, such as the phenol formaldehyde resins, but, in these, a variety of 
filler compounds are added which could affect the behaviour. A selection of these 
materials was examined which included a number of brands of Tufnol and also 
Ferobestos, the brake-lining material. 

The samples of Tufnol behaved in a manner similar to stainless steel but the mag- 
nitudes of the coefficients depended somewhat on the filler (Table II) and the fabric- 
filled brands were apt to produce stick-slip effects. The frictional coefficients for dry 
felt in contact with Tufnols showed no systematic dependence on the applied pressure 
when loadings were applied in order of increasing magnitudes. 

At the lower pressures in the range examined, the coefficient was dependent upon 
the order in which the loads were applied, a higher value being obtained when they 
were applied in order of decreasing magnitude, so confirming an increase in the num- 
ber of fibre contacts per unit area with increased pressure. 

Ferobestos, before the surface had been smoothed with fine sandpaper, showed a 
coefficient which decreased with increasing pressures when they were applied in 
order of increasing magnitude, but after smoothing with sandpaper the dependence 
of coefficient on pressure was so reduced as to be insignificant. When the loads were 
subsequently applied in order of decreasing magnitude a small increase in coefficient 
was found at the lower pressures of the range examined. 
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TABLE II 


COEFFICIENTS OF FRICTION: FELT WITH PHENOL-FORMALDEHYDE RESINS 


Material Tufnol* Ferobestos* 
(smoothed ) 


Brand Crow Whale Vole Carp Kite Asp 


i Steel 
Filler Fabric Fabric Fabric Fabric Achecios Fabric 
4o X 40 50 X60 75 X85 rroxX1r10-~—- Paper si fibres asbestos 
Pressure * t.p.t. t.p.t. t.pa. t.pa. heavy weave 


(g/cm?) ox ‘ 


217 0.214 0.202 0.209 0.214 0.233 0.166 0.250 0.112 
525 0.187 0.188 0.216 0.183 0.201 0.196 0.256 O.1L2 
751 0.192 0.192 0.214 0.182 0.203 0.213 0.247 0.107 
1002 0.195 0.195 0.214 0.185 0.214 0.185 0.257 0.107 
1351 0.187 0.187 0.220 0.188 0.209 0.202 0.230 0.109 
1591 0.187 0.179 0.214 0.179 0.205 0.187 0.232 O.114 


* Both Tufnol and Ferobestos are phenol formaldehyde resins. The brand names differentiate 
between the reinforcing materials (fillers). Thus Whale brand Tufnol is compressed phenol 
formaldehyde-impregnated cotton fabric having 50 warp and 60 weft threads per inch (t.p.i.) 


At a first glance, these results appear to conflict with those reached by HUFFING- 
TON AND Stout? for felt sliding on Tufnol. However, closer examination shows that 
this is not the case but that the two sets of results amplify each other. The most im- 
portant difference to be observed between them is in the ranges of pressures which 
have been explored. The HUFFINGTON AND STOUT experiments overlap only the three 
smallest values in the present investigation, in which some irregular behaviour was 
observed because they represented the limits of accuracy for the apparatus used. 

The observation that the number of contacts between dry felt and steel or Tufnol 
increases in the extended pressure range does not really conflict with the results ob- 
tained by HUFFINGTON AND STOUT since in Fig. 12 of their paper, which shows the 
number of contacts per unit area calculated from their analysis, plotted against the 
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Fig. 7. The agreement between HUFFINGTON AND Stout's results for contact between felt and 
Tufnol, obtained at low pressures, and the authors’ results, obtained at high pressures. ©, x 
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apparent pressure, there is an increase in the number of contacts over the highest 
pressures between 100 and 220 g/cm?. The present authors have observed the con- 
tinuation of this to pressures above 220 g/cm2. This is confirmed by Figs. 7 and 8. 


12,000 
10,000 
8,000 


6,000 


Contacts /em2 


O= 10.2 1.0 2.0 3.0 
Apparent pressure (kg/cm?) 


Fig. 8. Dependence of the number of contacts per unit area between felt and Tufnol on pressure. 
Authors’ results at high pressures and HUFFINGTON AND Stout's results at low pressures. 


Figure 7 is a replot of Fig. 11 of the HUFFINGTON AND Stout paper showing log ju 
plotted against log of apparent pressure. To the original results, those of the present 
investigation are added and they clearly form a satisfactory continuation. 

Owing to the large differences in the ranges of the pressures examined, both sets of 
results cannot be shown together as a plot of the calculated number of contacts per 
unit area (determined in the manner described by HUFFINGTON AND Stout) against 
pressure, to correspond to Fig. 12 of the HUFFINGTON AND Srout paper. The results 
obtained in the present investigation are plotted in this form in Fig. 8 and those of 
HUFFINGTON AND Stout then occupy the small shaded area near the origin. The 
insert to Fig. 8 shows the HUFFINGTON AND STOUT results on a larger scale with the 
best linear relation obtained from the present results superimposed. Clearly there is a 
satisfactory join at a pressure of around 220 g/cm? and the combined results show 
that the number of contacts per unit area between felt and Tufnol goes on increasing 
well beyond the pressure of 220 g/cm?. 

Eventually, at some pressure well above 3 kg/cm? the number of contacts per unit 
area must reach a maximum and the curve shown in Fig. 8 must turn over and be- 
come horizontal. Thus the complete relationship between pressure and number of 
contacts per unit area is a growth curve similar to that observed by HUFFINGTON 
AND Stout but on a very much larger scale, with the smaller curve of HUFFINGTON 
AND StouT superimposed at the origin. 
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It would be simple to dismiss the results obtained by HUFFINGTON AND STOUT as 
being due to compression of the surface nap of the felt, but much is to be gained by a 
more detailed examination. In the past it has not been easy to see in what manner the 
friction between a hard surface and a compressed batt of fibres should differ from that 
between the hard surface and a felt made from the same fibres. The results of the 
examination make this possible. 

A felt may be considered as a batt of fibres which has been subjected to a pressure 
sufficient to compress it to its observed apparent density and ‘‘set’’* and ‘‘sewn’’ in 
that condition by the felting process. The pressure required to do this will be identi- 
fied in the following discussion as the ‘‘setting pressure’. If this felt is subsequently 
subjected to a pressure somewhat greater than the setting pressure the compression 
produced would be expected to be similar to that of an unfelted batt of fibres subjected 
to the same pressure, and the number of contacts per unit area would then be the 
same for both. Let this condition be represented by A in the inset Fig. 8. As the 
pressure is reduced the felt will recover from compression and, if sufficient time is 
allowed for the temporary increase in the contacts to decay, the number of contacts 
per unit area will decrease along the linear relationship towards B. 

As the applied pressure passes through the setting pressure, however, the felt will 
cease to recover from compression and the number of fibre contacts will remain con- 
stant. This might correspond to the part BC of the graph inset in Fig. 8 when the 
pressure at B would be the setting pressure of the felt. Pressures less than that corre- 
sponding to C might then correspond to values insufficient to compress the surface 
fibres so that the curve between C and O represents the unloading of the nap. 

In feltmaking the setting pressure would correspond to the maximum effective 
pressure to which the felt had been subjected during manufacture, and the part of the 
curve between O and C would reflect the condition of the surface fibres and might be 
of considerable value in comparing and assessing felt finishes. Two other interesting 
points also arise from this argument. First, the temporary increase in coefficient 
produced by loading in the order of decreasing magnitudes would be expected to give 
a temporary distortion similar to OCB in the relationship between number of contacts 
and applied pressure; second, high density felts are those which have been sub- 
jected to high setting pressures and therefore these should show large permanent 
distortions similar to OCB in the low pressure region of the relationship between num- 
ber of contacts and applied pressure. 

To summarize, the combination of the results obtained in this investigation and 
those obtained by HUFFINGTON AND Strout show that the relationship between pres- 
sure and frictional coefficient for felt in contact with a hard surface is affected by the 
change in the number of contacts per unit area with applied pressure. At the lowest 
pressures the number of contacts increases toa maximum as the surface fibres in the 
nap are compressed; the number of contacts per unit area then remains constant 
until the applied pressure is of the same order as the maximum effective pressure to 


* The term “‘set’’ is here used in a colloquial sense and includes more than its technical meaning 
in wool technology. 
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which the felt has been subjected during manufacture. Subsequently, the contacts per 
unit surface again increase with loading and finally must reach a maximum which 
has not been achieved at 3.2 kg/cm?. 


TABLE, Ill 
COMPARISON OF FRICTIONAL COEFFICIENTS OF TWO FELTS IN CONTACT UNDER DRY AND WET 
CONDITIONS 
pas Coefficient 
cA gee Vet conditions Dry conditions Pome ee 
4 Pokey Mwet Mary 
(kg/cm?) = 
0.0458 0.693 0.590 0.097 
0.216 0.479 0.407 0.072 
0.363 0.486 0.362 0.124 
0.872 0.497 0.328 0.169 
1.345 0.459 0.300 0.153 
1.581 0.460 0.287 0.193 


FRICTIONAL PROPERTIES OF FELTS UNDER WET CONDITIONS 


A parallel investigation to that described has been made with the sliding surfaces 
immersed in water at room temperatures. This shows that the frictional behaviour of 
wet felt runs parallel to that of dry felt under the same conditions but the effects are 
more exaggerated. Thus the frictional coefficients between two wet felts are much 
higher than those between dry felts under the same pressures and the difference tends 
to increase with the pressure (Table III). The behaviour of the wet felt under cyclic 
loading, when the pressures are applied first in the order of increasing magnitudes 
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Fig. 9. Exaggerated increase in coefficient between felt and stainless steel, obtained by applying 
the pressures in order of decreasing magnitudes when the surfaces are immersed in water. ©, Loads 
increasing. x, Loads decreasing. 
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followed by the order of decreasing magnitudes, is also similar to that found for dry 
felts. For two wet felts in contact no differences in the coefficients could be found for 
the load-increasing and load-decreasing halves of the cycle, but for wet felts in con- 
tact with stainless steel, there was an increase in the coefficient for the load-decreas- 
ing half cycle, as is shown in Fig. g. Not only are the coefficients higher than those 
shown in Fig. 5, but the increase due to the previous loading is also greater. This in- 
crease is also sensitive to the time for which the higher pressures are applied. The 
results obtained for contacts between wet felts and the various brands of Tufnol 
quoted in Table IT also confirm in every respect those obtained for contacts between 
wet felt and steel. 


CONCLUSIONS 


A study of the frictional properties of two felts in contact and of felt in contact with 
hard surfaces has been made over a range of pressures extending up to a maximum of 
3.2 kg/cm2. The results show that the coefficient of friction (u) is a function of the 
apparent pressure (P) between the surfaces which may be represented by an equation 


(N\1i-n 
U—-op = a (5) 


where (vp is the part of the coefficient represented by the work required to deform the 


of the form 


larger felt surface as the smaller surface moves over it, N is the number of fibre con- 
tacts between the surfaces (assuming equal distribution of pressure), and m has the 
same meaning as in the well known equation relating frictional force to load for fibres 
and fibre assemblies. 

For two dry wool felts, it has been shown that m has a value of 0.768 (an = 0.021) 
in excellent agreement with that found for contacts between wool fibres by HowELL?? 
and others?%~??, Also, for two felts in contact, it is shown that yp is small, of the order 
of 0.006, but it has not been possible to detect any variation in N, the number of 
contacts per unit area, with load. 

For felt in contact with hard surfaces, the story is different. By using the method 
of HUFFINGTON AND STouT?? to analyse the relationship between the applied pressure 
and the number of contacts per unit area of surface, it has been shown that the num- 
ber of contacts is still increasing when the applied pressure has the maximum value 
examined, 3.2 kg/cm®. The steady value for the number of contacts per unit area, 
obtained by HUFFINGTON AND Stour at pressures between 60 and 200 gm/cm:, is a 
local stationary value which is probably characteristic of the felt and arises from the 
compression and set obtained during felting. The steep increase in the number of 
contacts at low pressures which leads to the stationary value probably characterises 
the condition of the felt surface and might be of considerable interest to manufacturers 
of textile felts, since it may have some bearing on surface ‘‘handle’’. 

The increase in the number of contacts between wool felt and hard surfaces under 
increasing loads is confirmed by the behaviour of the coefficient of friction under 
conditions of cyclic loading. If the coefficients are obtained on the same piece of felt, 
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first with the loads taken in order of increasing magnitudes and then in order of 
decreasing magnitudes, the plot of coefficient against load forms an open loop with 
higher coefficients for the load-decreasing half of the cycle. This arises because the 
friction between the fibres prevents the felt from recovering immediately from com- 
pression during the load-decreasing half of the cycle, so that the increased numbers of 
contacts remain to give the increased coefficients after the pressure has been reduced. 
If the felt is left in the unloaded condition for a day, the increased coefficients decay 
to the values originally obtained in the load-increasing half of the cycle. For two felts 
in contact this loop of coefficients has not been detected for cyclic loading. Moreover, 
when the experiments are repeated with the surfaces immersed in water at room 
temperature, all the coefficients are increased, and for wool felt sliding on hard sur- 
faces, the loop of coefficients obtained under cyclic loading is greatly exaggerated, but 
the loop still cannot be detected for two contacting wool felts immersed in water. 
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SUMMARY 


Static friction between two very clean oxide-free copper single crystal (oor) planes is studied by 
applying a horizontal force in a direction parallel to either [100] or [110] to asphere placed on the 
horizontal surface of a fixed cube of the same crystallographic orientation. Cross sections, longi- 
tudinal sections and layer sections of the lower crystals are examined with an optical microscope, 
electron microscope and microhardness tester to find the extent of the occurrence of phenomena 
such as deformation, adhesion, shearing and internal strain which accompany the friction, and to 
clarify the mechanism. Although the extraordinary growth of the contact area is chiefly respon- 
sible for the high static coefficient of friction in every case, there is a large difference between the 
two directions. In the case of friction direction parallel to [100], local microslip along a direction 
parallel to [110] or [110] superposes on a viscous flow and tends to extend the contact area later- 
ally, so that the contact area grows in the form of an isosceles triangle with a vertical angle of about 
40°. In the case of friction direction parallel to [110], however, lateral growth of the contact area 
scarcely occurs and the friction trace takes the form of a rod, which results in a smaller coefficient 
of friction. 


INTRODUCTION 


It is a well-known fact that the static friction coefficient 4 between two clean, 
oxide-free, sliding metal surfaces becomes 100 times the value normally observed in 
the atmosphere when the surface impurity is reduced to a minimum!~-3, Interpretation 
of the phenomena of contact and friction between two solid surfaces will naturally be 
much simplified by the use of these clean surfaces because of the absence of the effect 
of impurity, which plays such a large part in friction. It must be admitted, however, 
that the results obtained from these rather special cases, which are much like seizure, 
will not be directly applicable to the friction between ordinarily clean sliding surfaces. 

Static friction between such extremely clean copper single crystal surfaces was first 
described by GwaTHMEY et al.3 They found that mw ranges from 20 to over 100 for 
sliding in different crystallographic directions. We have carried out similar experi- 
ments and could ascribe the extraordinarily large values of yz almost entirely to the 
large adhesion area‘. Further examination of various sections of the specimens made 


it possible to elucidate the adhesion, shearing and deformation of materials that occur 
during sliding. 


EXPERIMENTAL 
Specimen preparation and sliding method 


Experimental apparatus is similar to that of GWATHMEY and has already been 
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described in a previous report*. Arrangement of the specimens is shown in Fig. 1. 

Both upper (S:) and lower (Sz) specimens are single crystals made from oxygen-free 
copper of 99.99% purity. Si is a sphere of nearly Io mm in diameter. Sz isa hexahedron 
obtained from a cylinder of 14 mm diameter, and its upper and lower planes are 


— > Frictional force 


Fig. 1. Diagrammatic arrangement of the specimens S; and 5s. 


parallel to ((100)) plane, while four side planes are together parallel to either ((100)) or 
((r10)) planes. S; could be repeatedly used for several sliding experiments after suc- 
cessive electrolytic polishing, but since Sz was sectioned for examination after each 
sliding, ten S2’s were used in all, five for each of the two sliding directions, [100] and 
[110]. Surfaces of both S; and Sz are subjected to electrolytic polishing with phosphoric 
acid for one hour in order to achieve complete removal of worked layers, then 
washed in distilled water and dried thoroughly. Specimens S; and Sz, which 
were clamped in holders Hi and He, respectively, were placed separately in 
quartz tube C and heated in a stream of purified hydrogen at 550°C for 3 h to reduce 
surface oxide. After cooling, S: was gently placed on the upper (001) plane of Sz so 
that their cubic axes were parallel to one another, and pulled in a direction which lies 
within the contact plane and parallel to [100] or [110], by a force increasing at a rate 
of 500 g/min through a strain ring. The perpendicular load applied on the contact plane 
was 60 g and y’s were calculated by dividing the maximum tangential force by the 
load. 


Examination of specimens 

The specimen S2 was heavily copper-plated and the following three sections were 
made: (i) a cross section perpendicular to the friction direction, (1) a longitudinal 
section perpendicular to the friction surface and parallel to the friction direction, and 
(iii) a layer section parallel to the friction surface. 

Most of the sections were etched by 10% ammonium persulphate solution for 
several minutes or etched electrolytically. Three methods of electrolytic etching were 
used: (i) etching at the lower electrode potential of 0.4 V, (ii) after electrolytic polish- 
ing, opening the circuit for several seconds, stirring the polishing solution, and again 
closing the circuit for about ten seconds (originally by YOuNG*), and (iii) etching for 
half a minute in a bath of 0.25% sodium thiosulphate solution®. Other etching reagents 
were also used since the etch figure is entirely different according to the etching 


reagent used. 
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RESULTS 


Friction coefficient u and surface observation 

Measured values of y for two different directions, parallel to [100] and [110], as well 
as the related values obtained from the surface observation of the width and height 
of friction tracks and the approximate width of slip line appearance zones are given in 
Table I. In Table I various numerical values under [100] direction are found to 


~ 


TABLE I 
Mi ~~ ; Microscopic observation 
Direction o Specimen u — : — = 
Grintion J Lagu Width of friction Max. height of Width of slip line 
trace friction track (mm) zone (mm) 
[110] I 76 0.19 0.04 Eo 
2 0.35 
2 31 0.32 0.8 
3 5G 0.15 0.8 
55 0.39 
4 40 0.15 0.9 
62 0.30 
5 56 0.30 PO 
560 0.30 
Mean value 50 0.27 0.92 
[100 | 6 107 0.31 0.06 2.4 
140 0.51 0.08 
7 Ilo 0.35 0.04 2.0 
8 8I 0.40 0.05 1.8 
109 0.72 
126 0.70 
9 94 0.40 0 
10 110 0.46 2.2 
147 0.50 
Mean value 114 0.46 20 


amount to nearly twice the values under {110}. When several distinct maxima were 
obtained in a course of sliding, they are listed in the order observed. In the photo- 
graphs of friction tracks shown in Fig. 2(a) and Fig. 3(a), probable adhesion areas 
where maximum frictional force must have been operating are indicated by A, as may 
be deduced from the corresponding photographs shown in Fig. 2(b) and Fig. 3(b) 
indicating the distribution of adhering material or the distortion of the substrate. 
In every micrograph of a plane parallel to the friction surface, the friction force is in 
the downward direction. 

A remarkable difference can be seen between two friction traces in Figs. 2 and 3. 
In the case of the {110} direction, the scattered initial contact points immediately 
unite on pulling to form a large area about 0.3 mm in diameter and the width remains 
practically unchanged hereafter. In the case of the [100] direction, however, the con- 
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tact area grows on either side to form an isosceles triangle with a vertical angle of 
about 40°. Contact area growth continues until sudden shearing off of most of the 
triangular area followed by visible sliding occurs producing a maximum value of w. 
If part of the contact area remains unseparated, or if another new contact occurs 
during the sliding and, after ceasing to slide any more, begins to grow just like the 


Fig. 2. (a) Friction trace almost parallel to [110] direction, and (b) its layer section 0.03 mm Over 
the interface, copper-plated and electrolytically etched (YOUNG®). 
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first one, the second maximum of fu may be seen. Near the first adhesion in Fig. 3(a) it 
is seen that, while the left-hand side of the friction trace forms an almost smooth 
straight line, the right-hand side forms a zigzag line of short steps, the directions of 
which are alternately parallel to the direction of the friction force and to the crystallo- 
graphic slip direction. The corresponding part in Fig. 3(b) shows that the substrate of 


Fig. 3 (a) Friction trace almost parallel to [ 


100] direction, and (b) its layer section 0.07 mm below 
the interface, ammonium persulphate etch. 


the straight line side became severely deformed owin 
adhesion areas and the substrate of the stepwise side was only slightly deformed, 
presumably owing to sparse adhesion. These differences in appearance in the two 
directions of friction, [110] and [roo], are commonly observed in all cases examined. 


g to a dense distribution of 
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Shape of adhesion particles on the lower specimen 


As has been reported previously4, the adhesion areas of the two specimens tend to 
be sheared off generally at the position inside the upper specimens because of, on the 
one hand, the work-hardening of the material near the interface and, on the other 
hand, the difference of actually imposed local forces distributed asymmetrically 
about the interface owing to the difference in general curvature between the upper 
and lower specimens. Fig. 2(b) shows the contour of adhering particles elongated in 
the direction of friction at a height of 0.03 mm above the interface in the case of 
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Fig. 4. Cross sections of adhesion area. (a) with the light microscope; (b) with the electron micro- 
scope, acetyl cellulose-carbon replica shadowed with chromium. 


Wear, 4 (1961) 216-22 


222 


R. TAKAGI, Y. TSUYA 


% 
0,005 ¥ 


Fig. 5. Longitudinal section of adhesion area. 
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friction parallel to [1ro}. A series of cross sections successively made along a friction 
track running parallel to [100], for example, showed that the two small areas of 
adhesion appearing at the beginning united to form one large adhesion area 0.05 mm 
in height and 0.2 mm in width, which split again into two fairly distant adhesion 
areas. These observations are in reasonable accordance with those illustrated in Fig. 3. 
Most longitudinal sections of the adhesion areas in the two directions of friction 
clearly show the peculiar feature of parallel cracks posteriorly (e.g., Fig. 5(b)). 


Internal structures 


Cross sections. Fig. 4(a) shows a cross section perpendicular to the [110] frictional 
direction. Apparently three degrees of distorted layers are discernible: A, B and C 
layers. Below the A layer there must be a substrate completely free from any dis- 
tortion. 

The uppermost layer C, which extends to about 10 w under the interface of the two 
specimens, rapidly develops thick etch pits of blackish colour on etching, the shape 
of which can be identified by the electron microscope only as minute irregular pits 
disposed at random (Fig. 4(b)). The interface, which is a little depressed at that posi- 
tion, presumably because of (i) some pick-up of the material by the upper specimen 
and (ii) the distortion caused by pressing against a work-hardened specimen, can 
generally be identified as a curve connecting several spherical figures, or balls. The 
intervals between these balls may be seen as a distinct line in some cases (¢.g., Fig. 4), 
but in the other cases they cannot be clearly distinguished. Balls similar to these 
figures are sometimes distributed inside the adhesion particles. 

Below the C layer there is a B layer, about ro yw in depth, where the orientation of 
etch pits can hardly be recognized. The boundary between B and C layers is not sharp 
(Fig. 4). 

Below the B layer up to 0.1 mm below the interface, the etch pits as seen under the 
microscope resemble closely those of a single crystal, but the orientation of the pits 
as seen in Fig. 4(a) slowly rotates as one proceeds from the central part in the cross 
section of a friction track toward the left or right side (A layer). 

An ammonium persulphate etch does not reveal any microscopic detail below the 
A layer, but electrolytic etching in 0.2% thiosulphate solution readily reveals slip line 
zones up to 0.2 mm below the interface. 

Below the slip line zone, no trace of the effect of the friction can be recognized 
microscopically on uniform single crystal etch figures. 

Longitudinal sections. Etching by 10% ammonium persulphate solution makes it 
possible to distinguish between the A, B and C layers observed in the cross sections 
(Fig. 5(a)). The flow of the crystal within the A layer in the direction of friction may be 
seen viewing from below upwards. The flow is more clearly visible in Fig. 5(b), which 
has been etched electrolytically. Fig. 5(c) is an electron micrograph showing a struc- 
ture composed of thin layers parallel to the friction direction near the interface. 

Layer sections. Microscopic observation of the layer section revealed clearly the 
the stripes composed of rugged lines almost perpendicular to the direction of friction 
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in the case of [110] friction direction. In Fig. 6(a) the interval of the stripes ranges 
from 0.01 to 0.03 mm. These stripes were observed, in the case of the specimen in 
Fig. 6(a), from 0.01 mm above the interface up to 0. mm below the interface. In the 
case of [100] direction of friction, a microscopic observation is shown in Fig. 6(b), 
which is a highly magnified micrograph of a part of an adhesion area shown in Fig. 
3(a). Though Fig. 6(b) does not show any similar stripes, the electron micrograph 
reveals a structure of transverse lines of I~3 intervals (Fig. 6(c)). 
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The etch figure of layer section in Fig. 6(a) or (b) shows a sort of oriented arrange- 
ment of deformed crystals below the friction track, peculiar to the direction of friction. 

By the repeated removal of surface layers several microns thick of one specimen by 
electrolytic polishing, it was found that the discernible crystallographic disorienta- 
tion, due to the friction, below the friction track extends up to 0.22 mm in the case of 
100] friction direction, and in the same way to 0.27 mm in the case of [rro] friction 
direction from the interface. These depths correspond fairly well to a depth of 0.2 mm 
of the slip line zone on the cross section disclosed by thiosulphate electrolytic 
etching mentioned above. 

The plated layer directly above the inside of the friction track such as is shown in 
Fig. 2(b) has completely disoriented minute copper crystals, whereas the other plated 
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copper above the outside of the friction track shows distinct epitaxial growth on the 
substrate single crystal, so that the location of friction track may be identified on the 
layer section even 0.2 mm above the peak of the friction track. 


Scott AND WILMAN? described the occurrence of flexural-rotational slip in beryllium 
crystal abraded on an emery paper. Now, however, it seems, that the flexural slip and 
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Fig. 7. Hardness distributions. (a) On a section of a friction trace parallel to [110] ( ©) or [1oo} 
(e); (b) oma layer section of a friction trace parallel to [100]. 


the rotational slip predominate separately in the A layer and B layer, respectively. 

Hardness. Absolute values measured by a microhardness tester under light load 
were carefully calibrated by a standard hardness tester under 200 g load. Fig. 7(a) 
shows the distribution of hardness values measured under 2 g load on two cross 
sections of specimens of two friction directions expressed exclusively as a function of 
the depth from the interface. Though fairly large scattering in the individual measured 
values naturally occurs from the existent non-uniformity in the lateral direction at 
a given depth, maximum hardness of about VHN 120, which almost corresponds to 
the most severely work-hardened copper, is found to be located in the neighbourhood 
of the interface. It declines downward from the interface until a hardness of annealed 
copper, ca. VHN 4p, is reached below 0.2 mm. Fig. 7(b) shows the hardness distri- 
bution (under the load of 15 g) on a plane of layer section approximately coincident 
with the original surface of the specimen, and shows a maximum at the friction trace. 
Greater scattering in the hardness values measured near the maximum region under 
2 g load than that under 15 g load may be attributed to such an obvious non-uniformi- 
ty of the disordered structure near the interface in the order of length of the hardness 
impression diagonals (ca. 7 for 2 g load, ca. 20 w for 15 g load) as seen in the electron 
micrographs. 

Fig. 7(a) shows that the hardness of the interior of an adhesion particle has a 
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maximum value at the lower interface where the adhesion has taken place and then 
gradually decreases with increasing distance until finally another smaller maximum 
may be reached near the upper sheared surface; this is not shown in the figure, how- 
ever, because the thickness of an adhesion particle is not uniform. 


POSSIBLE MECHANISM OF FRICTION 


We consider progress of the deformation of the materials during friction. When the 
upper specimen is gently placed on the horizontal surface of the lower specimen with 
a vertical load of 60 g, adhesion of the two specimens occurs at several small areas, the 
sum of which will amount to 0.0015 mm? since their hardness is about 40 kg/mm? 
(Fig. 7(a)). This area is far less than the probable adhesion area in Figs. 2 or 3. When an 
increasing friction force is applied through a strain ring in a horizontal direction, the 
adhesion areas are subjected to a shearing force and material adjacent to the adhesion 
area deforms. The plastic deformation proceeds in two ways: slip along <110> 
directions on ((111)) planes and viscous flow. The external appearance of the friction 
trace naturally depends on the direction of friction. 

In the case of [110] friction direction, which is parallel to the slip direction, each of 
the scattered adhesion areas grows by viscous flow®,9 and unites to form a large area, but 
no appreciable lateral development results. Finally, most of the adhesion area be- 
comes completely work-hardened and does not readily slide as a whole, but at the 
front of the adhesion area fresh contacting gradually occurs, while at the rear further 
deformation is no longer possible except for a few cracks in the material that is 
situated at the outermost limit of the work-hardened area; these are seen in the longi- 
tudinal section. When the friction force increases to a value equal to the total shear 
strength of the adhesion area, shearing occurs in the greater part of the adhesion area, 
producing a maximum uw. Thus a rod-like appearance of the friction trace arises as 
observed. After macroscopic sliding the strain ring relaxes and the contact area 
reduces either immediately to zero or to a small fraction of the maximum. In the latter 
case a new maximum of the friction force ensues on repeating the process. 

In the case of {100} direction of friction force, however, the growth of adhesion area 
occurs by, in addition to the viscous flow, local slip along [110] or [110] direction. 
The slip takes place so as to spread laterally over the adhesion area, so that the area 
develops into the form of an isosceles triangle, with a vertical angle of about 40°, though 
near the central part of the base side the adhesion is weak. Work-hardening and shear- 
ing occurs in a similar way as described for the [110] friction direction. 

In comparing the two cases of [110] and [100] directions of sliding, therefore, the 
latter easily leads to a larger adhesion area than the former and to the larger shearing 
force, 2.e. to the larger py. 

In addition to the adhesion area effect, it may be expected that the shearing will be 
easier in the [110] direction, which is parallel to the slip direction, than in the [100 } 
direction since the largest shearing occurs not on the interface itself of the severest 
work-hardening but at the location somewhat above the interface as can be seen from 
the micrographs of sections as well as from the hardness distributions. 
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A point to be noticed is that many slip lines seen in Figs. 2 and 3 along <110> 
directions are not due to the slip described above. They are caused by miscellaneous 
slips in ((111)) planes originating from complex forces arising from the friction. 
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SUMMARY 


The critical rotational speed at which inertia-induced cavitation is initiated in the lubricant film 
of hydrostatic thrust bearings is established. The lubricant mass flow and bearing load capacity 
at speeds exceeding this critical are determined and presented in the form of master plots of flow 
and load for all speeds. An illustrative numerical example is worked. 


NOTATION 
h film thickness 
m lubricant mass flow 
M dimensionless mass flow, eqn. (8) 
p lubricant pressure 
fo recess pressure 
pi atmospheric pressure 
P dimensionless pressure, eqn. (3) 
Y radius 
vo inner radius of bearing 
7, outer radius of bearing 
x dimensionless radius, eqn. (2) 
x, outer to inner radius ratio 
%e dimensionless radius at cavitation front 
w load capacity of bearing 
W dimensionless load capacity, eqn. (6) 
o _ lubricant density 
m rotational speed of bearing 
{2 dimensionless rotational speed, eqn. (4) 
2 dimensionless critical rotational speed 
f lubricant viscosity 


INTRODUCTION 


In a previous paper! by the authors the effect of lubricant inertia on the load capacity 
of hydrostatic thrust bearings, of the configuration shown in Fig. I, was investigated. 
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It was found that for incompressible lubricants and sufficiently low rotational speeds 
the lubricant inertia acts to reduce the load capacity by an amount proportional to 
the square of the speed. For speeds in this range the lubricant pressure decreases 


Fig. 1. Configuration of hydrostatic thrust bearing. 


monotonically from the recess pressure at the inner radius of the bearing to atmospher- 


ic pressure at the outer radius. This pressure distribution is given by 
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The corresponding load capacity is given by 
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The second terms on the right of eqns. (1), (5), and (7) measure the inertia effect. 
Above a certain speed 2, eqn. (1) predicts negative pressure in the outer region of 
the lubricant film. Since liquid lubricants cannot withstand tension, eqns. (I), (5), 
and (7) are not correct for speeds exceeding 2. The value of this critical speed is 
found from the condition that at this speed the radial pressure gradient vanishes at 


the outer radius. Thus, from eqn. (1) 


“ I 
2Q2 = (9) 


2¥2Inx,—m?+ 1 


a function only of bearing geometry. Equation (9) is plotted in Fig. 2. 

It is the purpose of this paper to evaluate the pressure distribution, load capacity, and 
flow rate of hydrostatic thrust bearings at speeds exceeding 2. It is assumed that 
when P drops to zero at a radius less than *1, cavitation will occur and P will remain 
zero out to x1. At the radius where P vanishes the pressure gradient must also vanish 
to preserve continuity of flow across the cavitation front. This is the so-called 
Reynolds boundary condition, which has been verified both experimentally and ana- 
lytically for cavitating lubricant films. 


Fig. 2. Critical speed versus radius ratio. 


THEORY 


The differential equation governing the pressure distribution in the continuous region 
of the lubricant film was shown in the earlier paper to be 


dv x (10) 
The boundary conditions on this equation are as follows: If < 2; P is unity at 
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the inner radius of the film and zero at the outer radius. If 2 > Q; P is unity at the 
inner radius and the Reynolds boundary condition prevails at the radius where cavi- 
tation is initiated. It is the latter case which is of interest in this paper, the former case 
having been solved completely in the earlier work. 

Integrating eqn. (10) once for the pressure and applying the boundary condition 
at the inner radius there results 


P=1—M Inv + 22 (#2 —1) (11) 


which is valid from the inner radius to a radius %- where cavitation begins. From x, to 
x1, P is zero. Thus the pressure distribution is known completely once M is determined. 
This is done by applying the Reynolds boundary condition. From eqns. (10) and (11) 
there results 


M 
Oo = —— + 202%, (12) 
Xe 
o = 1— MI1nx, + 22 (%,2—1) (13) 
from which 
24+M 2G)? 
M=2Q29 ™M (14) 
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Fig. 3. Mass flow versus rotational speed. 
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Equation (14) is the desired relationship between flow rate and speed for speeds above 
critical, and is plotted in Fig. 3. It is seen from this figure that M asymptotically 
approaches 222, which, by eqn. (15), indicates that x: approaches unity as the speed 
is increased indefinitely. Also shown in Fig. 3 are flow rates for sub-critical speeds 
corresponding to several values of x; as determined from eqn. (7). 

With M and x, known, the load capacity can now be determined. In dimensionless 
form es 


W Fam fest 
/ = f 2 x x 
| I (16) 


Substituting P from eqn. (11) and performing the integration there results 


2 
4%e— I 


W = 2—Mxinx, + [M + 22(x2—1)] (17) 
Using eqn. (15) to eliminate x- and eqn. (14) to simplify the expression further, there 
results 

(M — 22)? 


W = eT Ree (18) 


Equation (14) must be used to eliminate M; but, since eqn. (14) is transcendental, the 
elimination is not possible explicitly. However, the relationship between W and 2 


10-3 \o-? 1o"! 1 10 102 
Fig. 4. Load capacity versus rotational speed. 
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implied by eqns. (14) and (x8) is plotted in Fig. 4. Note that as is increased inde- 
finitely, W approaches unity. Also shown in Fig. 4 are load capacities for sub-critical 
speeds corresponding to several values of x; as determined from eqn. (5). 


RESULTS 
The results of this study can be summarized as follows. The critical speed at which 
cavitation first occurs is given by eqn. (9) and Fig. 2. For sub-critical speeds the flow 
rate and load capacity are given by eqns. (7) and (5) respectively. For super-critica] 
speeds the flow rate and load capacity are given by eqns. (14) and (x8) respectively. 
For all speeds the flow rate variation is given by Fig. 3 and the load capacity by Fig. 4. 


NUMERICAL EXAMPLE 


Consider a hydrostatic thrust bearing with an inner radius of I in., an outer radius of 
3 in., a recess pressure of 3 atm., and using an oil with a density of 0.032 lb./cu.in. At 
zero speed the load capacity is 336 Ib., from Fig. 4 and eqn. (6). At a speed of 4300 
r.p.m., from Fig. 2 and eqn. (4), cavitation begins at the outer radius of the bearing. 
At this speed the load capacity is reduced to about 250 Ib. At ten times this speed 
the load capacity has fallen to about 140 lb. and the cavitation front is located at a 
radius of I.7 in. 
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SUMMARY 
WEAR IN ROCK DRILLING (LABORATORY TESTS) 


A report is given of laboratory tests with regard to wear by rotary drilling, percussion drilling, 
rotary-percussion drilling and rotary drilling with roller bits in rock. Preliminary tests were per- 
formed with cone-shaped tools, which worked on the surface of the rock in a rotary and percussive 
manner; this method was not completely satisfactory, however. Ina second step, therefore, new 
testing machines were devised for each of the 4 drilling systems, with which, for each method, the 
typical motion conditions and pressure conditions could be imitated on a small scale in a manner 
similar to real drilling. By means of these new testing machines the fundamental laws of wear and 
drilling rate for the drilling in rock with each of the 4 drilling methods could be determined and 
set out clearly; in many cases there was good conformity with practical experience. 


Die Entwicklung auf dem Gebiet des Gesteinsbohrens vollzog sich bisher iiberwiegend 
empirisch tastend im Wechselspiel zwischen Konstruktionsbiiro und Erprobung im 
praktischen Betrieb. In der letzten Zeit bemiiht man sich nun an verschiedenen Stel- 
len!, diese Arbeiten zu erganzen durch systematische Erforschung der Gesetzmassig- 
keiten beim Gesteinsbohren, d.h. der Zusammenhange zwischen den “‘Ursachen”’ 
(Gestein, Antrieb, Bohrwerkzeug, Spiilung, sonstiges) einerseits und den “Wirkun- 
gen”’ (Bohrleistung, Verschleiss, Bruch, sonstiges) andererseits. 

Die im folgenden kurz beschriebene Arbeit des Verfassers und seiner Mitarbeiter 
(ausfiihrlichere Darstellung.) verfolgte das spezielle Ziel, die Fragen des Verschleisses 
der Bohrwerkzeuge bei den im deutschen Steinkohlenbergbau iiblichen Bohrverfahren 
(Drehbohren, Schlagbohren, Drehschlagbohren, teilweise auch Rollenmeisselbohren) 
im Wege des Modellversuches zu untersuchen. In einer ersten Versuchsetappe wurde 
mit vereinfachten Werkzeugen an der Oberfliche des Gesteins drehend und stossend 
gearbeitet. Die Mangel dieser Arbeitsmethode fiihrten zwangslaufig zur zweiten 
Versuchsetappe, wobei unter bestméglicher Nachahmung der verschiedenen Bohr- 


weisen in die 7v%efe des Gesteins gebohrt und neben dem Verschleiss auch die Bohr- 
geschwindigkeit laufend gemessen wurde. 


* Die Verfasser sind dem Steinkohlenbergbauverein, Essen, in dessen Auftrag die Arbeiten 


durchgefiihrt wurden, insbesondere Herrn Dipl. Ing. RavER und Herrn Dipl. Ing. TR6skeEn, fiir 
mannigfache Unterstiitzung zu Dank verpflichtet. 
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VEREINFACHTE VORVERSUCHE MIT KEGELIGEN WERKZEUGEN AN DER OBERFLACHE 
DES GESTEINS 
Es schien zunachst mdéglich, sich auf die Frage des Verschleisses der Bohrwerkzeuge 
und innerhalb dieses Teilgebietes auf die beiden Teileinfliisse des Werkstoffes und des 
Gesteins zu konzentrieren, d.h. auf eine reine Materialpriifung. Dabei sollten die 
beiden Grundvorgange beim Gesteinsbohren getrennt untersucht werden, namlich 
das kontinuierliche Gleiten des Werkstoffes iiber das Gestein einerseits (‘Dreh- 
versuche”’) und das periodische Stossen des Werkstoffes gegen das Gestein (‘‘Stoss- 
versuche’’) andererseits. In beiden Versuchsreihen wurden zahlreiche Hartmetalle mit 
Kobaltgehalten zwischen 6% und 15% und zahlreiche Gesteine vom mildesten Ton- 
schiefer bis zum schleissscharfen Quarzit gepriift. 


Abb. t. Versuchseinrichtung fiir Dvehversuche an der Gesteinsoberflache. 


(a) Bei den Drehversuchen (Abb. 1) wurde eine Gesteinsplatte von etwa 300 X 
200 X 40 mm Grosse auf einem Drehtisch aufgespannt. Als Drehwerkzeug diente ein 
Hartmetallstift von 10 mm @, der an seinem Arbeitsende unter 90° kegelig ange- 
schliffen und an der Kegelspitze auf 0.30 mm 9 abgeflacht war. Dieser Hartmetall- 
stift wurde in einen in senkrechter Richtung frei beweglichen Halter eingespannt, der 
durch Gewichte belastet war und in einer Schlittenfiihrung radial nach aussen bewegt 
wurde. Die Hartmetallprobe beschrieb also auf der sich unter ihr drehenden Gesteins- 
platte eine enge archimedische Spirale. Gemessen wurde nach jedem Versuch die 
Langenabnahme und Gewichtsabnahme der Probe, die Durchmesserzunahme der 
Kegelspitze und der Drehkleinanfall. Das Verfahren ergab gute Wiederholbarkeit und 
einen breiten Kennzeichnungsbereich sowohl hinsichtlich der Hartmetallart als auch 
hinsichtlich der Gesteinsart. 

Zunachst wurde bei den Drehversuchen bei konstantem Gestein eine Anzahl ver- 
schiedener Hartmetalle untersucht; man erhielt weit auseinanderliegende, gut repro- 
duzierbare und mit praktischen Erfahrungen befriedigend tibereinstimmende Ver- 
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schleisswerte, die i.a. mit steigendem Kobaltgehalt ansteigen und etwa im Verhaltnis 
1:5 schwankten. Anschliessend wurden umgekehrt konstante Hartmetallproben 
iiber verschiedene Gesteinsarten gefiihrt. Die dabei jeweils gemessenen Verschleisswerte 
der konstanten Hartmetallproben galten als Masszahl fiir die Schleisscharfe der 
untersuchten Gesteinsarten. So konnten auch die Gesteine nach ihrer Schleisschar- 
fenzahl geordnet werden, wobei die Schleisscharfenzahlen der untersuchten Gesteine 
zwischen praktisch_o und etwa 180 schwankten. Es ergab sich also eindeutig ein sehr 
starker Einfluss der Gesteinsart auf den Verschleiss der Werkzeuge. 

(b) Bei den folgenden Stossversuchen wurden die gleichen Hartmetallproben und 
Gesteinsplatten verwendet wie bei den Drehversuchen. Man benutzte, um die Stoss- 
energie messen und regeln zu kénnen, ein Freifallwerk (Abb. 2). Dabei hob sich das 
Hartmetallwerkzeug — entgegen der idealen Arbeitsweise beim betrieblichen Schlag- 
bohren — zwischen zwei Stdssen erheblich vom Gestein ab. Die Schlagspindel wurde 


Abb, 2. Versuchseinrichtung fiir Stossversuche an der Gesteinsoberflache. 


zwischen zwei Stéssen ruckartig um den Schlagabstand von 1 mm vorgeschoben ; 
nachdem die ganze Linge der Gesteinsplatte durchmessen war, wurde ein festgelegter 
Stossreihenabstand eingestellt und die Vorschubrichtung der Stosspindel umgekehrt. 
Auch die Stossversuche zeigten gute Wiederholbarkeit und einen breiten Kennzeich- 
nungsbereich. 

Die Reihenfolge der Hartmetalle hinsichtlich ihres Verschleissverhaltens beim Stoss- 
versuch war ahnlich wie beim Drehversuch; indes traten beim Stossversuch bei ver- 
schiedenen weniger zihen Hartmetallsorten 6fters Briiche auf. In gleicher Weise, wie 
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bei den Drehversuchen, wurden auch hier bei konstantem Hartmetall die verschieden- 
sten Gesteinsarten gepriift; die ermittelten Zahlenwerte der Schleisscharfe lagen fiir 
die untersuchten Gesteinsarten in den Grenzen zwischen praktisch 0 und etwa 130. 
Tastweise wurden diese Stossversuche auch auf die Untersuchung der Bruchfestigkeit 
von Hartmetallen und der Narbenbildung an der Stossflache ausgedehnt. Unter- 
suchungen tiber den Einfluss des Kegelwinkels beim Stossversuch ergaben ein von den 
praktischen Erfahrungen beim Schlagbohren stark abweichendes Ergebnis, ein deut- 
liches Anzeichen dafiir, dass man sich von den Bedingungen des praktischen Betriebes 
bei den vereinfachten Modell-Versuchen an der Oberflache des Gesteins stark ent- 
fernt hatte. 

(c) Ein Vergleich der Drehversuche und der Stossversuche ergab, dass beziiglich der 
Schleisscharfenzahlen tendenzmassige Ubereinstimmung nur bei den milden bis 
mittelharten Gesteinsarten bestand. Es zeigte sich spater, dass der bei den Dreh- 
versuchen gewahlte Anpressungsdruck nur fiir diese Gesteinsarten ausreicht; fiir die 
harteren Gesteinsarten lag dieser Anpressungsdruck teilweise weit unterhalb des 
“kritischen’’ Anpressungsdruckes. Hier wird ein Mangel aller ‘“‘vereinfachten Ge- 
steinsbohrversuche”’ an der Oberflache des Gesteins deutlich. Der Eindringwiderstand 
der Gesteine ist stark verschieden. Man kann entweder mit konstantem Anpressungs- 
druck arbeiten, erzielt dann aber bei den verschiedenen Gesteinsarten stark verander- 
liche Eindringtiefe des Werkzeuges. Oder aber kann man mit konstanter Eindring- 
tiefe arbeiten, bendtigt aber dafiir bei den verschiedenen Gesteinsarten stark ver- 
schiedene Anpressdriicke. Keine der beiden Methoden gestattet einen klaren Vergleich 
zwischen verschiedenen Gesteinsarten. Abgesehen davon ermoglichen solche verein- 
fachten Versuche an der Oberflache des Gesteins kaum die Erfassung der Eigenarten 
der einzelnen Bohrverfahren. Insbesondere ergeben solche Versuche keine sichere 
Aussage iiber die in verschiedenen Gesteinen erzielbare Bohrgeschwindigkeit und 
gestatten nicht, den Verschleiss auf einen Bohrmeter zu beziehen, wie es in der Praxis 
iiblich ist. Aus allen diesen Griinden wurden diese vereinfachten Versuche abgebrochen. 


PRAXISAHNLICHE BOHRVERSUCHE IN DIE TIEFE DES GESTEINS 


Es war das Ziel der zweiten Versuchsetappe, den Verschleiss der Bohrwerkzeuge in 
Abhangigkeit von allen praktisch wichtigeren Einflussgréssen, unter praxisahnlichen 
Bedingungen und in der praktisch tiblichen Dimension, d.h. bezogen auf r m Bohr- 
tiefe, zu messen. Dazu was es erforderlich, fiir jedes der vier zu untersuchenden Bohr- 
verfahren (Drehbohren, Schlagbohren, Drehschlagbohren, Rollenmeisselbohren) 
eine besondere Versuchseinrichtung (Abb. 3) zu entwickeln, die die typischen Be- 
wegungsverhaltnisse und Belastungsverhaltnisse praxisahnlich, wenn auch in kleinem 
Massstab, zu imitieren gestatteten. Die Werkzeuge, wieder aus Hartmetall gefertigt, 
besassen bei den drei erstgenannten Bohrverfahren einen einheitlichen Aussendurch- 
messer von I0 mm und eine der praktisch verwendeten Werkzeugform jeweils ange- 
niherte Form. Gearbeitet wurde dabei in die Tiefe des Gesteins; je Versuch wurden 
zahlreiche Lécher von je 10 mm @ und ro mm Tiefe gebohrt. Das Bohrklein wurde 
durch Luftspiilung oder Wasserspiilung nahezu vollstandig entfernt. 
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Die Versuche zeigten wieder gute Wiederholbarkeit und sehr gutes Ansprechen auf 
die Veranderung aller wirksamen Einflussgréssen. Sie ergaben an vielen Stellen be- 
merkenswerte Ubereinstimmung mit aus der Praxis bekannten Teilerkenntnissen. 
Wahrend aber in der Praxis vielfach nur in verhaltnismassig engen Grenzen experi- 
mentiert werden kann, boten die Modellversuche die Méglichkeit, mit verhaltnis- 
massig geringem Aufwand und bei hoher Messgenauigkeit alle wichtigen Einfltisse bei 
den verschiedenen Bohrverfahren in weiten Grenzen systematisch abzutasten. 

Als Beispiel fiir die Methode und Ergebnisse zeigen Abb. 4 und 5 auszugsweise die 
bei der Untersuchung des Drehschlagbohrens, eines noch verhaltnismassig neuen und 
weniger erforschten Bohrverfahrens, gewonnenen Resultate. Die Planung und Durch- 
fiihrung der Versuche, wie auch die Darstellung der Ergebnisse erfolgte im “‘Schach- 
brett-System’’. Man erkennt in Abb. 4 und 5 seitlich die Folge der verschiedenen 
untersuchten Einflussgréssen (Gestein, Andruck, Schlagenergie, Drehzahl und Schlag- 
dichte, Hartmetall und Keilwinkel). In der Waagrechten sind links die Ergebnisse 
von Kurzversuchen, d.h. die Anfangswerte von Spantiefe und Bohrgeschwindigkeit 
dargestellt ; in diesen Ergebnissen ist also die Wirkung fortschreitenden Verschleisses 
praktisch ausgeschaltet. Die rechte Halfte der Waagrechten bezieht sich dagegen auf 
die Ergebnisse von Dauerversuchen unter Einbeziehung des Verschleisseinflusses, d.h. 


Avtomatische —#’ 
Umsetzung unter ZA Spiileinrichtung 
Ruhelast{Qrf) =— 


Abb. 3. Versuchseinrichtungen fiir praxisihnliche Gesteinsbohr-Versuche. (a) Drehbohren; 
(b) Schlagbohren; (c) Drehschlagbohren; (d) Rollenmeisselbohren, 
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auf die Mittelwerte oder den zeitlichen Verlauf der Spantiefe, Bohrgeschwindigkeit 
und des Verschleisses. Als Verschleissmass ist durchgehend der spezifische Gewichts- 
verlust in mg je Bohrmeter gewahlt. 

Die Darstellung gemass Abb. 4 und 5 gestattet eine gute Ubersicht iiber die wich- 
tigsten Teilgesetze beim Drehbohren. Der gleichsinnige Verlauf zahlreicher Kurven- 
biindel, insbesondere fiir die Anfangswerte, lasst erkennen, dass es sich um gesetz- 
massig ablaufende Vorgange handelt. Insbesondere ist die Beeinflussung des spezi- 
fischen Verschleisses durch zahlreiche Veranderliche nunmehr im Zusammenhang 
mit der Betriebsfunktion dargestellt ; dies scheint ein wesentlicher Vorteil der praxis- 
ahnlichen Bohrversuche gegeniiber den im ersten Teil dargestellten vereinfachten 
Materialpriifversuchen an der Oberflache des Gesteins zu sein. 
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od 
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Abb. 7. Einfluss der Schlagenergie, des Andruckes und der Drehzahl auf die Anfangsbohrge- 
schwindigkeit beim Drehschlagbohren. 


Wear, 4 (1961) 234-245 


VERSCHLEISS BEIM GESTEINSBOHREN 243 


Es war auch moglich, die beim Drehbohren, Schlagbohren und Drehschlagbohren 
eines sehr scharfen Gesteins erhaltenen Werte iibersichtlich miteinander zu _ ver- 
gleichen (Abb. 6). 

Wenn man die Hauptergebnisse der Untersuchungen iiber alle vier Modell-Bohr- 
verfahren zusammenfasst, so ergab sich durchweg ein sehr starker Einfluss der Ge- 
steinsart auf den spezifischen Verschleiss. Die neu entwickelten Methoden gestatten 
eine Messung der Zahlenwerte bzw. Kurven der aktiven Schleisscharfe und passiven 
Bohrbarkeit verschiedener Gesteinsarten fiir jedes der untersuchten Bohrverfahren. 
Die Reihenfolge der Gesteinsarten hinsichtlich ihrer Schleisscharfe scheint fiir die 
verschiedenen Bohrverfahren eine ahnliche zu sein. Wahrscheinlich ist die aktive 
Verschleisscharfe verschiedener Gesteine nicht durch einzelne Zahlenwerte, sondern 
nur durch Kurvenscharen, z.B. des spezifischen Verschleisses tiber der Netto- 
Bohrenergie, praxisgetreu darstellbar. 

Sodann ergab sich in Ubereinstimmung mit der Praxis die allgemeine Regel, dass 
Anderungen der Betriebsbedingungen, die zu einer Erhohung der Bohrgeschwindig- 
keit fiihren, gleichzeitig fast immer (Ausnahmen!) auch eine Herabsetzung des spezi- 
fischen Verschleisses bewirken. Eine Steigerung der Bohrgeschwindigkeit ist (neben 
der meist nicht willkiihrlich veranderlichen passiven Bohrbarkeit des Gesteins) vor 
allem durch Steigerung der Netto-Bohrenergie méglich; unter Netto-Bohrenergie sei 
die vom Werkzeug tatsdchlich auf das Gestein tibertragene Energie verstanden. 
Besonders deutlich wurde die Bedeutung der Netto-Bohrenergie fiir die Bohrge- 
schwindigkeit und damit fiir den spezifischen Verschleiss bei den Drehschlagbohr- 
Kurzversuchen (Abb. 7); beim Drehschlagbohren summiert sich eine Drehbohrwir- 
kung und eine Schlagbohrwirkung. 

Ausserdem ergaben sich Abhangigkeiten der Bohrgeschwindigkeit und des spezi- 


Abb. 8. Elektronenmikroskopische Aufnahmen der Oberflache von Hartmetall-Keilmeisseln 
aus Schlagbohr-Modell-Versuchen. (a) Stelle mittlerer Beanspruchung (Keilflanke); (b): Stelle 
héchster Beanspruchung (Keilspitze). 
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fischen Verschleisses von der Form des Bohrwerkzeuges und dem Werkstoff des Bohr- 
werkzeuges. Die vorbeschriebenen Versuchseinrichtungen gestatten auch eine ziem- 
lich genaue Bestimmung des Zahlenwertes des Verschleisses bzw. der Verschleiss- 
festigkeit verschiedener Gesteinsbohr-Hartmetalle unter praxisahnlichen Bedingun- 
gen. Der Einfluss fortschreitenden Verschleisses des Bohrwerkzeuges auf die Bohr- 
geschwindigkeit konnte in Form von Kurven dargestellt werden; nicht selten betru- 
gen die Mittelwerte der Bohrgeschwindigkeit bei den Dauerversuchen nur 50% und 
weniger der Anfangswerte. 

Der Einfluss der Spiilung erhellt daraus, dass auch im Modell-Versuch ohne Spii- 
lung nicht gebohrt werden konnte. Bei speziellen Schlagbohr-Vergleichsversuchen 
ergab sich auch im Modell-Versuch, ahnlich wie in der Praxis, bei Wasserspiilung 
rund doppelter spezifischer Verschleiss bei wenig verschiedener Bohrgeschwindigkeit 
gegentiber Luftspiilung. 

Diese Ausnahme von obiger Regel iiber den Zusammenhang zwischen Bohrge- 
schwindigkeit und spezifischem Verschleiss findet vermutlich ihre Erklarung durch 
die Zerstérungsform des Hartmetalles. Elektronenmikroskopische Aufnahmen von 
Hartmetall-Schlagbohrmeisseln (Abb. 8) lassen erkennen, dass die Zerstérung vor- 
wiegend durch Ausbrechen einzelner Kérner und Korngruppen erfolgt und nicht, wie 
friiher angenommen, nur durch oberflachliches Abschleifen. Wahrscheinlich bewirkt 
ein fliissiges Spiilmittel beim Schlagbohren eine starkere Sprengwirkung als ein gas- 
formiges Spiilmittel. 

Zusammenfassend ergaben die durchgefiihrten Modell-Untersuchungen einen 
systematischen Uberblick tiber die wichtigsten Gesetzmissigkeiten beim Gesteins- 
bohren beziiglich Bohrgeschwindigkeit und Verschleiss. 
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Authors’ Abstracts 


Creep and Hardness of Metals: A Physical Study 


T. O. MULHEARN AND D. Tasor - J. Inst. Metals, 89 (1960-61) 7-12; 5 figs., I table, 
8 refs. : 

In a study of the effect of time of loading on the indentation hardness of metals, 
measurements have been carried out on indium and lead from liquid-air temperature 
to 50°C below the melting point. A spherical indenter was used and loading times 
were varied from 10~4 to 103 sec. Apart from some preliminary experiments, the study 
was confined to single crystals. In general, the hardness or yield pressure p decreases 
with loading time ¢. Above 0.6 Tm, where Tm is the melting temperature (°K), and 
for times of loading exceeding a few seconds, a linear relationship exists between log p 
and log ¢. In this temperature range, experiments carried out at various temperatures 
give a series of parallel lines, the separation between them providing a measure of 
the activation energy involved. The values obtained are 16 kcal/mole for indium and 
28 kcal/mole for lead, which are close to the activation energies for self-diffusion. 
Metallurgical examination shows that there is negligible recrystallization or other 
grain-boundary effects during the course of one experiment. The deformations around 
the indentation correspond to slip, suggesting that the rate-limiting process to creep 
in this temperature range is dislocation climb. If the loading time is reduced below 
~I sec, there is a marked rise in hardness, and for values of ¢ less than ~ 10-3 sec 
an upper limit to # is reached (pmax) which is the same whatever the initial tempera- 
ture of the experiment. In the case of indium the deformation also changes from slip 
to twinning. If hardness measurements are made at liquid-air temperature, the 
hardness is almost independent of loading time and is roughly equal to pmax. With 
indium the deformation at these low temperatures occurs by twinning, whatever 
the loading time. It is apparent that for temperatures >0.6 Tm the creep process is 
dominated by a self-diffusion mechanism. If the loading time is too short or if the 


temperature is very low, this mechanism cannot operate and the hardness is greatly 
increased. 
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Systematic Abstracts of Current Literature 
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Selected from the literature and from Battelle Technical Review 1961 


1. DEFORMATION AND FRACTURE 


Pyramidal Glide and the Formation and 
Climb of Dislocation Loops in Nearly Per- 
fect Zinc Crystals. 

P. B. Price. Phil. Mag., 5 (1960) 873-886; 
T3asgs., 17 Tes. 

Zinc whiskers and platelets with a (0001) 
orientation and thin enough (<S $ pu) to be 
transparent to 100 kv electrons were deformed 
in tension inside the electron microscope and 
the motion of individual dislocations followed 
by the transmission technique. These ob- 
servations were then related to the macros- 
copic properties as determined by stress— 
strain curves. The crystals, which were found 
to be initially free of dislocations, deformed 
mainly by twinning (which is not considered 
here) or by pyramidal glide on the (1 122) 
(i123) system. Dislocations with three types 
of Burgers vectors were produced: long 
< Y120 > dislocations which were easily 
immobilized and contributed very little to 
the deformation; short < I123 > screw 
dislocations which caused pyramidal glide 
and sometimes left behind long, narrow 
< 1123 > loops which then split up into 
circular loops with the same Burgers vector; 
and circular < ooo1 > loops which were 
formed from < 1123 > loops by the reaction 
1/3 <1123—>1/3 <1120> + <ooor >. Both 
types of loops were sessile but disappeared 
by climb at room temperature at a rate which 
agreed with the predicted rate. The loops 
impeded the motion of dislocations and were 
responsible for the propagation of glide as a 
Liiders band. 


An Electron Microscope Study of Synthetic 
Graphite. 
J. Harvey, J. N. Eastabrook and D. Clark. 


(Royal Aircraft Establishment, Gt. Brit.) 
RAE Tech. Note Met./Phys. 327, August 
1960; 14 pp. and illus. 

A study of imperfections in the structure 
of synthetic graphite has been made mainly 
by electron microscopy. In addition to large 
intergranular pores, a micropore structure 
consisting of a system of narrow (100-300 A 
wide) cracks running parallel to the cleavage 
direction has been found. Expansion into 
these cracks is believed to account for observed 
anomalies in the bulk expansion of synthetic 
graphite. Attack by oxidation and ionic 
bombardment has revealed grain and subgrain 
boundaries. The grain boundaries appear to 
be resistant to etching by ionic bombardment 
but are preferentially attacked during oxi- 
dation. There is some evidence of additional 
over-all pitting in cleavage flakes of oxidized 
irradiated graphite. 


Effect of Surface Condition of Ductile-to- 
Brittle Transition Temperature of Tungsten. 
Joseph R. Stephens. NASA Technical Note 
D-676, February 1961. 31 pp. OTS price, 
$1.00. 

Tensile transition temperatures were deter- 
mined in vacuum for recrystallized tungsten 
specimens having each of the following sur- 
face conditions: electropolished, ground, 
ground and annealed, ground and peened, 
etched, oxidized, and notched. Results show 
that the transition temperature of recrys- 
tallized tungsten is dependent upon surface 
condition and that the type of defect rather 
than the average degree of roughness appears 
to be the main factor in increasing the 
transition temperature to a higher value then 
that of specimens having a relatively smooth 
surface. 


2. FRICTION 


The Question of the Effect of Moisture on 
the External Friction of Solid Bodies (in 
Russian). 

Y. P. Toporov. Inzhener.—Fiz. Zhur., Akad. 
Nauk Belorus. S.S.R., 3 (4) (1960) 44-48; 
Source: Appl. Mechanics Reviews, 13 (x1) 
(1960). 

The mechanical properties of a layer consist- 


ing of highly dispersed particles are mainly 
determined by its moisture. Therefore 
resistance to the relative displacement of 
contact surfaces between which this layer is 
situated depends essentially on the moisture 
in the surrounding atmosphere. Depending 
on the nature of the particles and the form of 
contact surfaces, the coefficient of static 
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friction increases or decreases with a change 
in moisture. 


An Investigation on the Distribution of Re- 
sidual Deformations under the Surface of 
Friction (in Russian). 

Investigations on the physics of the solid body 
K. V. Savitskii. Issled. Fiz. Tverdogo Tela, 
Moscow, Akad. Nauk S.S.S.R.,(1957) 107-114; 
Ref. Zhur. Mekh., (6) (1959) Rev. 6986; 
Source: Appl. Mechanics Reviews, 13 (12) 
(1960) 959. 5 

The deformation under the surface of the 
friction zone was measured along gradation 
lines etched on the lateral sides of test samples, 
made of aluminium and carbon steel, pressed 
on to the surface of a steel roller. Friction was 
carried out using a vaseline oil lubricant at 
rates of sliding varying from 2.2 to 712 m/min. 
The residual transposition of the insets on 
their surface during a wear test of one hour 
was 30-200 w. More than 50% of the general 
deformation was concentrated in a thin layer 
with a thickness of = 0.1 of the full depth of 
the extent of deformation (50-400 mw). The 
deformation increases in the normal and more 
especially in the tangential directions to the 
friction surface with increase in the normal 
loading. Increase in the speed of sliding 
reacts to a larger degree on the transposition 
of the metal in the tangential direction and on 
the friction surface. Adding to the time of 
duration of the friction action increases to the 
largest extent the deformation along the 
sliding surface; with time the deformation 
increments decrease and show a tendency to 
stabilize at some limit. 


The Friction and Contact Resistance of 
Metals and Alloysina Reciprocating Sliding. 
Yasukatsu Tamai. ASLE Trans., 3 (1) (1960) 
26-29; 4 figs., 4 tables, 3 refs. 

The nature and the behavior of various metals 
and alloys in reciprocating sliding have been 
studied by measuring the coefficient of fric- 
tion and the electrical contact resistance 
simultaneously. Examinations of microhard- 
ness and scar appearance were also made. In 
reciprocating sliding there was no apparent 
correlation between contact resistance and 
friction. The role and the importance of 
surface oxide were emphasized by comparison 
of the frictional behavior of an aged surface 
with that of a fresh one. A dissimilar friction 
couple was studied toshowa completely differ- 
ent nature from the similar couples. 

(See also Wear, r (1957/58) 377-) 


Metallic Contact and Friction between 
Sliding Surfaces. 


M. J. Furey. ASLE paper No. 60 LC-z0, 
(Oct. 1960) 1-11; 17 figs., 2 tables, 14 refs- 
A new device has been developed and used 
to study metallic contact and friction between 
sliding, lubricated surfaces. The system con- 
sists basically of a fixed metal ball loaded 
against a rotating cylinder. The extent of 
metallic contact is determined by measuring 
both the instantaneous and average electrical 
resistance between the two surfaces. Friction 
between the ball and cylinder is recorded 
simultaneously with contact. 

In general, the electrical resistance was 
found to oscillate rapidly between an ex- 
tremely low value and infinity, suggesting 
that metallic contact is discontinuous. The 
average resistance of an oil film is therefore 
a time-average, that is, a measure of the per- 
centage of time during which metallic contact 
occurs. The results indicate that metallic 
contact is much more prevalent than would 
have been expected from other published 
studies in which electrical resistance or dis- 
charge methods were employed. 

Using this apparatus, the entire region 
from hydrodynamic (no metallic contact) to 
pure “‘boundary’”’ lubrication . (continuous 
metallic contact) can be readily investigated. 
Load, speed, mineral oil viscosity, the pres- 
ence of additives, and operating time were 
found to be important variables influencing 
metallic contact. 

The apparatus is particularly useful in 
studying the action of antiwear and ‘‘ex- 
treme pressure’ additives. It allows one to 
measure not only the effectiveness of these 
compounds in reducing metallic contact, 
but also the rate at which they act and the 
durability of protective films which may form. 


A Brief Examination of Factors Affecting 
Tractive Friction Coefficients of Spheres 
Rolling on Flat Plates. 

W. S. Rouverol and R. I. Tanner. ASLE 
Trans., 3 (1) (1960) 11-17; 14 figs., 2 tables, 
5 refs. 

The use of steel ball-bearing balls in a new 
variable speed friction drives has given 
impetus to the study of factors governing 
their tractive capacity. The coefficient of 
tractive friction, defined as the ratio of 
tractive force to normal force at a specified 
slip rate, was observed to depend on lubricant 
properties and ball diameter, but to be rela- 
tively independent of normal load and 
rolling velocity. Coefficients of 0.08 were 
found to be attainable using conventional 
lubricants. 


3. LuBRICATION AND LUBRICANTS 


3.1. Lubrication 


Transient Lubrication of an Accelerated 
Infinite Slider. 


F. A. Lyman and E. A. Saibel. ASLE Paper 
No. 60 LC-12, Oct. 1960, 1-8; 6 figs., 9 refs. 
Ananalytical solution is obtained for the trans- 
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ient pressure developed inaslider bearing with- 
out side leakage when one of the bearing sur- 
faces is accelerated tangentially. The lubricant 
is assumed to be incompressible and to have 
constant viscosity, and the film thickness is 
assumed to remain fixed in time. Asymptotic 
solutions for small and large values of time 
are found to describe the transient pressure 
adequately and yield expressions for pressure 
and load-carrying capacity in closed form. 
The results show that the pressure rise is 
negligible until a certain time after the 
bearing begins to be accelerated, but after- 
wards the pressure approaches a steady state 
rapidly, and the total duration of the transient 
in quite short. 

(See also Wear, 4 (1961) 41.) 


On the Compressibility Effects of the Lubri- 
cant for Two-Dimensional Slider Bearings. 
K.T. Yen. J. Appl. Mechanics(Trans. ASME, 
Ser. E), 27 (4) (1960) 609-612. 

By the variational method, it is shown that, 
for a given bearing length, no optimal film 
shape of the bearing can be found to yield a 
maximum total load. Analysis of the numeri- 
cal results carried out for stepped films with 
a compressible lubricant under isothermal 
compression or expansion indicates that this 
anomaly is due to the nonlinear nature of 
the compressible problem. By considering 
a modified variational problem, it is further 
shown that stepped-film bearings with 
isothermal lubricant still yield the maximum 
total load for a given mass flow rate passing 
through the bearings, but the exact shape 
of the optimal stepped film is found to depend 
on the value of the maximum pressure. 


Lubricant Behavior in Concentrated Contact 
— Some Rheological Problems. 

F. W. Smith. ASLE Trans., 3 (1) (1960) 
18-25; Io figs., 55 refs. 

Several problems are reviewed concerning the 
flow behavior of lubricants under the high 
pressures and shear stresses which occur in 
the contact zones of ball bearings and gears. 
A description is given of experiments on this 
topic with a machine involving contact 
between cylindrical and spherical rollers. 
An ester-based lubricant under a mean Hertz 
pressure of 102,900 Ib. /in.? (7.1° 109 dyne/cm?) 
is shown to behave under shear stresses below 
108 dyne/cm2 as a liquid of great viscosity 
giving a film thickness proportional to 
rolling speed. At high rates of shear the ester 
behaves as a plastic solid. A silicone fluid 
shows no such viscous behavior and is pre- 
sumed to lose viscosity or to undergo plastic 
shear under much lower shear stresses than 
the ester. Such rheological differences affect 
the load-carrying capacity of lubricants by 
determining both their film thickness and 
perhaps also their response to extreme- 
pressure additives. 


Lubricant Behaviour in Concentrated Con- 
tact. The Effect of Temperature. 

F. W. Smith (National Research Council of 
Canada) NRC Mechanical Engineering Rept. 
MP-r7, August 1960. 13 pp. & illus. 
Experiments are described on the frictional 
behavior of a petroleum oil in the contact 
zone between a steel roller and an aluminum 
one at 23°C and between steel rollers and 
between tungsten carbide rollers at 23°C, 
100°C, and 190°C. The coefficient of sliding 
friction decreases with increasing temperature 
Qualitatively, this is taken to indicate that 
the frictional force represents the shearing of 
a thick plastic film of lubricant; quantitative 
agreement between experiments with steel 
and with carbide rollers is poor. To explain 
disaccord with other experiments in which the 
coefficient of friction increases with increasing 
temperature, it is proposed that mechanical 
instability of the lubricant film may be a 
factor in extreme pressure lubrication. On 
general physicochemical grounds, it is sug- 
gested that an intermolecular sliding process 
occurs at ashear plane in typical concentrated 
contact lubricant films at low temperature 
and high stresses. The relationship between 
such shear-plane processes and the Ree- 
Eyring theory of non-Newtonian viscosity 
is discussed. 


An Analytical Investigation of Visco-elastic 
Effects in the Lubrication of Rolling Contact. 
Ralph A. Burton. ASLE Trans., 3 (1) (1960) 
1-16; Tolfigs., £3 reis. 

The pressure distribution in the lubricant 
film separating two cylindrical rollers has 
been computed for a Newtonian fluid and 
for a Maxwell fluid. A comparison of the 
results indicates that shear elasticity can 
have effects of first-order significance on 
both the magnitude and form of the pressure 
distribution function, reducing load-carrying 
capacity and maximum shear stress in the 
film by sizeable amounts. 

The equations for visco-elastic flow are 
discussed with emphasis on thin films. The 
integral form in which these equations are 
applied in this paper is not commonly used 
in lubrication theory, and, in the estimation 
of the writer, offers some advantage in other 
bearing problems particularly when numeri- 
cal computations are to be used. 


The Nature of Lubrication in the Cold 
Rolling of Aluminium and Its Alloys. 

J. A. Schey. J. Inst. Metals, 89 (1960) 1-6. 
Roll force and forward slip were measured 
over a wide range of first-pass reductions on 
0.080-in.-thick 99.99% Al, Al—1.25% Mn 
alloy, clad and unclad Al—Cu—Mg-Si alloy, 
Al-5% Mg alloy, and mild-steel strips on a 
14.3. X 24-in. two-high rolling mill at a 
rolling speed of 43 ft./min, using either a 
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straight mineral or a compounded oil. The 
mean coefficient of external friction was de- 
rived from various equations based on forward 
slip and roll force. Although the numerical 
value of uw depended on the computing meth- 
od, conclusions were qualitatively quite 
unambiguous. While mw was largely inde- 
pendent of pass reduction in the rolling of 
steel, it increased rapidly with roll pressure 
when rolling Al and Al—Mn alloy. The in- 
crease was less when a compounded oil 
was employed and was rather limited with 
strong alloys, especially Al—5% Mg alloy. 
This behavior is attributed to differences in 
the tendency of the rolled materials to weld 
to steel. The ease with which Al can be 
pressure welded is assumed to lead to the 
formation of welded joints at the asperities 
of contacting surfaces, only partly prevented 
by boundary additives, and resulting in a 
marked rise of friction. The coefficient of 
friction was typically 0.034-0.045 for mild 
steel and varied from 0.02 to 0.3 for Al alloys. 
A very slight change from 3.0 to 1.8 wu in. 
c.l.a. in the surface roughness of the rolls 
had a noticeable effect in reducing friction. 


Contribution to the Determination of the 
Lubrication Conditions in Internal Combus- 
tion Engines (in German). 

J. Holland. VDI-Forschungsheft, 475 (1959) 
32 PP. 

Analytical and experimental results are 
given and compared for performance charac- 
teristics of engine bearings. 

Wide use is made of the results obtained 
by a select group of earlier workers in this 
field. 


Investigation of Lubricating Oils in Two- 
Stroke Gasoline Engines. I (in Russian). 

L. Vajta. Acta Chim. Acad. Sci. Hung., 24(r1) 
(1960) 19-30. 

The general problems connected with the 
lubrication of the two-stroke gasoline engines 
are presented. Studies were made of the effect 
of lubricating oils on the resistance of gasolines 
to compression. 


3.2. Lubricants 


The Heat of Adsorption of a Boundary 
Lubricant. 

E. P. Kingsbury. ASLE Trans., 3 (1) (1960) 
30-33; 6 figs., 1 table, 4 refs. 

Vor the case of physical bonding, the heat 
of adsorption of a boundary lubricant on a 
bearing surface has been shown to determine 
frictional behaviour. The theory is here 
extended to include the effects of temperature 
and velocity on wear, and corresponding 
experimental results are presented. 

The mathematical form of these dependen- 
cies is discussed and a characteristic tem- 


perature defined and calculated. As a result, 
a class of very high temperature boundary 
lubricants is suggested and some further 
experimental results summarized. 


The Behavior of Lubricating Oils in Inert 
Gas Atmospheres. 

A. Beerbower and D. F. Greene. ASLE Paper 
No. 60 LC-6, (Oct. 1960) 1-10; 3 figs., 8 tables, 
L7erets: 

The interactions of five gases (helium, hydro- 
gen, nitrogen, argon, and carbon dioxide) 
with mineral and synthetic lubricating oils 
were studied. The interactions examined 
included gas solubility, foaming, entrainment, 
evaporation of oil into gas, stability of oil in 
presence of gas, and effect of dissolved gas 
on oil viscosity. Several of the gases showed 
behavior (appreciably different from that 
of air) that was not predicted by conven- 
tional theories. No important differences 
were found between mineral and synthetic 
(diester) oils in these respects. The additives 
used can have appreciable influence on the 
foaming and entrainment characteristics, 
and evaporation rates, of both types of oils. 


The Effect of Lubricant Viscosity and Com- 
position on Engine Friction and Bearing 
Wear. 

E. H. Okrent. ASLE Paper No. 60 LC-8, 
(Oct. 1960) 1-10; 9 figs., 12 tables, 16 refs. 
Effect of lubricant composition on engine 
friction and connecting-rod bearing wear. 
Special attention has been given to polymer- 
thickened (VI improved) oils since these oils 
are characterized by shear-dependent visco- 
sity and a simultaneous occurrence of viscous 
and elastic properties. The variables inves- 
tigated in this study included lubricant vis- 
cosity, polymer type, and concentration. 
Two sets of engine studies were conducted, 
one to determine engine friction, the other 
to measure connecting-rod bearing wear, 
using irradiated bearings. For Newtonian 
fluids, the engine friction and wear response 
can be predicted from classical lubrication 
theory, 7.e. (a) friction decreases with in- 
creasing viscosity until a viscosity is reached 
where friction is a minimum; beyond this 
viscosity, further increases in viscosity result 
in increased friction; (b) bearing wear de- 
creases with increasing viscosity, but as a step 
function, not linearly, and the transition 
viscosity (of the step) corresponds to the 
viscosity which gives a minimum engine 
friction. 

The addition of polymeric VI improvers 
(non-Newtonian fluids) to mineral oil base 
stocks reduces engine friction and lowers 
bearing wear — the amount of friction and 
wear reduction depending on the polymer 
type and concentration. This paper demon- 
strates that polymer-thickened oils actually 
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give better bearing wear performance than 
their comparable mineral oil counterparts 
despite the fact that they have a lower 
apparent viscosity at high rates of shear. 
In addition, it appears that temporary 
viscosity loss is not the sole cause of the 
reduced engine friction of polymer-thickened 
oils. 


4. MACHINE 


Orthogonally Displaced Bearings. I. 
Donald F. Wilcock. ASLE Paper No. 60 
LC-7, Oct. 1960, 1-7; 13 figs., 1 table, 9 refs. 
Journal bearings with cross sections consisting 
of circular arcs with centers displaced from 
the geometric bearing center along the mid- 
radius of the arc or lobe have been in use for 
many years. Examples are the “‘elliptical’’ 
bearing and the ‘“‘three-lobe’’ bearing, the 
advantage sought being increased stability 
under light loads without the reduced oil 
flow accompanying a reduced clearance 
ratio. 

The analysis was ‘carried out for a bearing 
having in cross section two arcs each sub- 
tending an angle of 150°, an L/D ratio of 3, 


Extreme Pressure Lubricants for Marine 
Gears. 

A. D. Newman. Proc. Inst. Mech. Engrs. 
(London), 174 (5) (1960) 241-246. 

An extreme pressure oil may be used where 
the design per se requires a higher load- 
carrying capacity than that provided by a 
normal oil and where its use will afford 
insurance against trouble. 


PARTS 


and with the arc centres each displaced from 
the geometric center by half the radial 
clearance. 


The Lubrication of Bearings at High Tem- 
peratures. 

E. G. Ellis. Sci. Lubrication (London), 12 
(1960) 16 + 6 pages. 

Much work on high temperature conditions 
and bearing material/lubricant combinations 
must be carried out before all the problems 
are solved. Promising combinations with 
certain limitations are: self-lubricating bear- 
ings, gas lubricated bearings, organic liquid 
“‘once-through”’ systems, solid lubricants and 
controlled atmospheres. 


5. WEAR AND WEAR RESISTANCE 


5.1. Conventional Engineering 


Mechanical Wear. 

G. W. Rowe. Appl. Mechanics Reviews, 13 
(1960) 787-790; 24 refs. 

Principles of wear testing; selected experi- 
mental investigations; theories and laws of 
wear; corrosive wear and the influence of 
temperature; wear prevention or reduction. 


Hardening of Metals during Friction and the 
Strength of Steel during Repeatedly-Chang- 
ing Loadings (in Russian). 

D. A. Draigor and G. I. Valchuk. Sbornik 
Trudov Inst. Stroit. Mekh. Akad. Nauk 
S.S.R. 22 (1956) 93-99; Ref. Zhur. Mekh., 
no. 2 (1959) Rev. 2077; Source: Appl. 
Mechanics Reviews 13 (9) (1960) 701. 

An investigation is made on the influence of 
the process of hardening of the rubbing surfaces 
on the fatigue resistance and durability. A 
durability coefficient was determined. Polish- 
ing of the surface of the specimen with the 
elimination of centres of hardening resulted 
in the re-establishment of durability. Dura- 
bility was not re-established by polishing 
when there was prolonged friction action on 
steels of a metastable structure. 


Abrasion Tests on Carpets Using Different 
Abradants. 

Dorothy G. Clegg and S. L. Anderson. ae 
Textile Inst., Tvans., 51 (9) (1960) T 385- 
T 301; 4 figs., 5 tables, 10 refs. 


The effect of several abradants on nylon, 
viscose rayon, nylon/viscose blends and all- 
wool carpets of the same construction was 
investigated on a Schiefer machine. While all 
abradants ranked the nylon/viscose carpets 
in the same order, the ranking of the all-wool 
carpet depended on the abradant used. Severe 
abradants, such as emery, show the least 
discrimination between different fibres. 
From a comparison with service trials by 
Sturley and Westhead (J. Textile Inst., 49 
(1958) P 538) it follows that 50% viscose— 
nylon carpets have the highest wear resistance 
both in laboratory and service trials. The 
other compositions from roo% viscose with 
increasing quantities of nylon are given in 
the correct rank order with a BCA-type 
abradant. Wool carpets are classed by the 
machine still lower than in actual service. 


5.2. Space Engineering and Extreme Tempera- 
tures. 


Beating The Heat Barrier. 

J. Taylor. (Royal Aircraft Establishment, 
Gt. Brit.), RAE Tech. Note Structures 286, 
July 1960, 14 pp + illus. 

A short survey is made of the characteristics 
of aerodynamic heating at supersonic speeds 
and of the properties of a typical aluminum 
alloy when exposed to increased temperatures 
for prolonged periods. With this information 
as a datum an estimate is made of the mini- 
mum combined weight of cooling and insula- 
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tion required for an aluminum aircraft 
structure; the study extends to M = 10, 
height of 250,000 feet, and a range of 5,000 
miles. 


A Study of the Oxidation of Materials in 
an Arc-Image Furnace. 

R. Gale Wilson, Roger W. Peters, and Arthur 
J. McEvily, Jr. NASA Technical Note D-64 
January 1961. 26 pp. OTS price, $0.75. 

The rates of weight lass for silicon carbide, 
graphite, nylon, Bakelite, Fiberglas phenolic, 
and ammonium chloride have been investiga- 
ted as a function of oxygen concentration and 
radiant heat flux. The investigation was 
made with an arc-image furnace which pro- 
vides radiant heat fluxes in the range of 100 to 
1,000 B.Th.U. ft.2-sec. In the upper half of 
this range the rate-controlling process for 
materials that oxidize was found to be the 
diffusion rate of oxygen to the specimen 
surface. 


Particle Impacts on the Melt Layer of an 
Ablating Body. 

E. W. Ungar. J. Am. Rocket. Soc., 30 (Sept. 
1960) 799-805. 

An equation is developed relating the in- 
crease in erosion rate, as a result of particle 
impacts, to flight and material parameters. 
The extent of the melt layer protection was 
found to be dependent on the particle size 
and melt layer thickness. One experimental 
check on the analysis was possible by in- 
spection of the order of magnitude of the 
experimental liquid melt layer thickness on 
fired Micarta specimens. The computed melt 
layer thickness agreed with that observed on 
glass-reinforced Micarta 259-2 test specimens 
which were exposed in a rocket exhaust jet. 


High-Temperature Bearing Properties and 
Cobalt-Base Alloys. 

M. F. Amateau. Cobalt, (9) (Dec. 1960) 27-33. 
The specific requirements of high-temperature 
bearing properties seem to be met by cobalt 
alloys. What seems to be lacking is a syste- 
matic investigation of the various high- 
temperature cobalt-base alloys under actual 
bearing conditions. There is also little men- 
tion in the literature of development of 
cobalt-base alloys specifically for high-tem- 
perature bearing use. On the basis of the 
present literature survey, there are strong 
indications that cobalt-base alloys may be 
developed into bearing materials having 
outstanding properties. 


Development of Iron-Base Seal Materials 
for High Temperature Applications. 

Robert J. MacDonald. ASLE Paper No. 60 
LC-rr, Oct. 1960, 1-8; 8 figs. 

This paper describes an experimental in- 
vestigation of materials for use as high 
temperature rubbing seals. 

The results of a comprehensive evaluation of 


the rubbing properties of commercial high 
speed tool steels are presented. It is shown 
that molybdenum steels have desirable high 
temperature seal characteristics. Tungsten 
steels, on the other hand, exhibit inferior 
properties. The best overall performance is 
demonstrated by a steel containing both 
molybdenum and tungsten in combination 
with cobalt. 

These commercial tool steels are not effec- 
tive over 1000°F; therefore, new material 
combinations were sought. Using powder 
metallurgy techniques, a series of iron-base 
alloys containing molybdenum and cobalt was 
studied. It was found that alloys containing 
from 5 to 20% of both molybdenum and 
cobalt exhibit excellent rubbing properties 
up to 1200°F, and in general, are superior 
to the tool steels tested. 

Further testing of Fe-Mo-—Co materials 
revealed that friction and wear are markedly 
dependent upon the test conditions. A mini- 
mum coefficient of friction was obtained 
with the highest surface speed (150 ft./sec) 
and with the highest ambient temperature 
(1200°F). 

The desirable rubbing properties of this 
family of materials are explained in terms 
of surface oxidation products which act as 
solid-film lubricants during high temperature 
rubbing. 


Characteristics Governing the Friction and 
Wear Behavior of Refractory Materials for 
High-Temperature Seals and Bearings. 
Lewis B. Sibley, Arthur E. Mace, Daniel R. 
Grieser, and C. Malcolm Allen. (U.S. Air Force, 
Wright Air Development Division) WADD 
Technical Report 60-54. May, 1960, 47 pp. 

An investigation of the basic factors involved 
in the wear and friction of ceramics, cermets, 
and high-temperature alloys sliding at speeds 
of 100 to 200 ft./sec and temperatures from 
500 to 1000°C (1000°F to 1800°F) has been 
made. Bearing pressures covered a range of 
5 to 50 lb./sq.in. Statistical correlation of 
measured wear rates with firction and ma- 
terial properties indicates that, at these 
temperatures, the wear rate of ceramics and 
cermets is proportional to y/R1-25)0.75, 
where w is the coefficient of friction, R is the 
thermal-stress-resistance factor, and D is the 
thermal diffusivity of the material on which 
wear predominates, which is usually the 
material with the lowest thermal-stress 
resistance. Promising commercial materials 
for high-temperature dry sliding bearings, gas 
bearings, and seals include AlsO3—Cr—Mo cer- 
mets, SiC ceramics, and TiC—-Ni—Mo cermets. 


Friction and Wear of Metals in Gases up to 
600°C. 

D. F. Cornelius and W. H. Roberts. ASLE 
paper No. 60 LC-g, Oct. 1960, I-13; 16 figs., 
2 tables, 26 refs. 
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Apparatus is described for measuring friction 
and wear in controlled atmospheres. A 
comparison is made of the room temperature 
behavior of copper, mild steel and brass, 
rubbed against a hardened tool steel, in four 
environments: vacuum (10-3 mm Hg), dry 
helium, dry carbon dioxide and dry air. 
The effect of varying the water vapor content 
in air is also discussed. 

The initial selection of rubbing pairs for 
service at elevated temperatures in gaseous 
environments under unlubricated conditions 
is based on their long-term resistance to 
corrosion and their ability to give low wear 
rates. In general, therefore, the materials 
must be hard. Several alloys having chromium 
contents of between 1% and 30%, and hard- 
ness values in the range 200-1000 vpn have 
been investigated. These included two low- 
chromium nitrided steels, a tungsten— 
chromium tool steel and a series of four 
Co—Cr—W alloys. Specific wear rates and fric- 
tion coefficients varied markedly with tem- 
perature and values in the ranges 10-13-10 
cm3/cm kg and o.1-0.8, respectively, were 
obtained in both dry carbon dioxide and dry 
helium. Lowest wear rates were observed 
with the nitrided steels. The diverse charac- 
teristics observed are discussed on the basis 
of current theories of adhesive wear. 


Inhibiting Corrosive Wear in Lubrication 
with Halogenated Gases at 1500° F by Use 
of Competitive Reactions and Other Meth- 
ods. 

D. H. Buckley and R. L. Johnson. ASLE 
Paper No. 60 LC-1, Oct. 1960, 1-6; 10 figs., 
2 tables, 7 refs. 

Various gases were used as corrosion inhi- 
bitors for nickel- and cobalt-base alloys in 
halogen-containing gas lubrication systems. 
Corrosion experiments were conducted at 
1500°F with CF2Cl, and various mixtures 
of gas with inhibitors. One gas found to be 
a satisfactory inhibitor was air (oxygen). 
Oxygen reacted at the metal surface in com- 
petition with the chlorine of CF2Ck, thus 
reducing corrosion. Friction and wear ex- 
periments conducted with a CF2Cly—air 
mixture lubricating AlsO3 sliding on cobalt- 
base alloy showed low wear and low friction 
over the temperature range from 75 to 1500°F. 


The Performance of Ball Bearings in Nitro- 
gen and Carbon Dioxide at Elevated Tem- 


peratures. 
K. G. Eickhoff and A. White. ASLE Paper 


No.60 LC-5, Oct. 1960, 1-11; 13 figs., 3 tables, 
Tee ete 

Life tests on ball bearings running at 100 
r.p.m. without lubrication in hot gaseous 
environments under thrust loads show that 
their performance, worse than when running 
under lubricated conditions, is significantly 
affected by the environment. Two gases, 
nitrogen and carbon dioxide, are considered. 
In nitrogen, at temperatures of 200 °C and 
250°C, the load-carrying capacity was only 
some 2°% of the capacity for lubricated opera- 
tion at normal temperature, the best results 
being obtained with full type, cageless, angu- 
lar contact bearings. In carbon dioxide, 
however, at 325°C and 375°C, loads of up to 
30%, of the lubricated capacity were achieved 
with deep-groove, caged bearings. Similar 
bearings in a 16% Cr stainless steel performed 
even better at up to 50% of the lubricated 
capacity. 

Unlike the fatigue failures encountered 
under lubricated conditions, these bearing 
failures were by wear. The measured wear 
is analyzed and related to the shape of the 
load—life curve. It is postulated that, in 
carbon dioxide, bearings acquire a “‘lubri- 
cating’ film of oxide which accounts for 
their better performance in this environment. 
Treatment with molybdenum disulfide had no 
beneficial effect under these conditions. 


Evaluation of Ball Bearing Separator Ma- 
terials Operating Submerged in Liquid 
Nitrogen. 

W. A. Wilson, K. B. Martin, J. A. Brennan 
and B. W. Birmingham. ASLE Paper No. 60 
EG-4, OCt.1960,1-95 13 figs., 1 table, 4 refs. 
On the basis of past work in this field, it 
was determined that the ball separator, when 
made from conventional materials, usually 
was the cause of failure. A number of different 
separator materials and arrangements were 
tested to determine their relative durability. 
The apparatus used provided a method of 
loading the bearing axially and included a 
means of measuring bearing torque, wear, 
and load during operation. All of the tests of 
this screening program were conducted using 
liquid nitrogen. The results are presented in 
the form of bearing life, progressive bearing 
torque, and progressive bearing wear for the 
various configurations and types of separator 
materials tested. This test program proved 
that a ball separator made from filled poly- 
tetrafluoroethylene material is superior to the 
other separator materials testeed in liquid 
nitrogen. 


6. ANALYSIS AND TESTING 


Infrared Studies of Greases. 

S. E. Wiberley, W. H. Bauer, and D. B. Cox. 
NLGI Spokesman, 24 (8) (Nov. 1960) 328-333. 
Studies of infrared absorption of greases are 


shown to yield valuable information concern- 
ing the grease thickeners and additives used 
in grease formulation. Results of the study of 
a series of metallic laurate soaps were applied 
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to the examination of the infrared absorption 
spectra of an aluminum-soap grease, a Cal- 
cium-complex grease, a lime-base grease, 
lithium-soap grease, and a soda-base grease. 
Infared spectra revealed structural changes 
in the processing of calcium-acetate complex 
greases. 


Split and Crack Detecting by Ultraviolet 
Fluorescence (in French). 

F. Gobin. Chim. & indy (Paris), 84 (4) (Oct. 
1960) 532-550. 
Process is improved by using fluorescent im- 
pregnating liquids and a Hg vapor lamp. The 
most suitable impregnating liquid is a mixture 
of yellowish green MC dissolved in petroleum 
and Rhodamin B dissolved in alcohol, both 
in equal amounts. The best absorbent powders, 
for reinforcing, are levigated alumina and very 
fine-grained talc. The method is suitable for 
all materials, whether magnetic or not, 
whether conducting or insulating. 


Scuffing Tests on Gear Oils in the FZG Ap- 
paratus. 

G. Niemann, H. Rettig and G. Lechner. 
ASLE Paper No. 60 LC-3, Oct. 1960, 1-12; 
14 figs., 6 tables, 8 refs. 

The FZG test is a usual and standardized 
method in West Germany to evaluate the 
antiscuffing properties of oils for reduction 
gears, hypoid gears, automatic transmission 
gears, etc. The paper gives a brief survey 
of the test apparatus, the test gears, and the 
test procedure. It describes also the criteria 
of failure and the evaluation of the results, 
taking into account not only the load-carrying 
capacity but also the wear performance of an 
oil. The repeatability and the scattering 
range is discussed with respect to the test con- 
ditions. The field of application for stand- 
ardized gear rigs is pointed out. This is 
followed by a discussion of results showing 
the effect of tooth profile, mineral and 
synthetic oils, pitch line velocity, tempera- 
ture, and surface treatment on the load- 
carrying capacity. 

Furthermore, the paper presents a] formula 
to transfer the obtained test results to other 
gears. Results of the FZG apparatus are 
compared with values obtained on Ryder 
and IAE machines. 

(For original papers in German see: Erdél 
und Kohle, 12 (1959) 472-480 and VDI Berg 
20 (1957) 133.) 


Instantaneous Coefficients of Gear Tooth 
Friction 


G. H. Benedict and B. W, Kelley. ASLE 


paper No. 60 LC-2, Oct. 1960, I-10; 21 figs., 
m7 eis 

In a gear contact as simulated on a roller test 
machine, the instantaneous coefficient of 
friction follows the concept of transition from 
boundary to hydrodynamic lubrication. The 
coefficient has been found to increase with 
increasing load and to decrease with increas- 
ing sum velocity, sliding velocity, and oil 
viscosity as each of these quantities is 
varied individually. The viscosity was deter- 
mined by the temperature of the oil entering 
contact and the viscosity—temperature char- 
acteristics of the lubricant. The results have 
been combined in a formula which closely 
represents the data. When this formula is used 
in gear scoring calculations, the same type of 
U-shaped load—speed curve is obtained as has 
been found on several gear test rigs. 


New Method for Measuring the Tempera- 
ture on the Friction Surface between Dissi- 
milar Metals (in Russian). 

A. S. Vagramian. Vestnik Mashinostroeniya, 
38 (7) (1958) 13-15. 

After a description of the apparatus, empirical 
formulae are presented for the combinations: 
steel vs. Babbitt metal, steel vs. cast iron, 
steel vs. bronze, cast iron vs. aluminium 
steel vs. aluminium, bronze vs. cast iron, cast 
iron vs. Babbitt metal, and bronze vs. Babbitt 
metal; relating the surface temperatures to 
the velocity (1.2-3.6 m/sec) and the contact 
pressure (20-100 kg /mm2). 


Transition Temperatures with Four-Ball 
Machine. 

R. S. Fein. ASLE Trans., 3 (1) (1960) 34-30; 
9 figs., 1 tables, ro refs. 

It is shown that the estimated surface tem- 
perature corresponding to the transition from 
no-seizure increases with decreasing ratio of 
load to speed. This relationship of transition 
temperature to load-speed ratio for the Four- 
Ball Machine represents an extension of 
previously reported transition temperature 
vs. load—speed ratio data obtained with a 
Pin-on-disk Machine. Thus, it appears possi- 
ble quantitatively to relate the condition for 
the onset of catastrophic wear or scoring in 
these two different types of bench boundary- 
lubrication machines provided operational 
variables are properly considered. 

It is also shown that the transition-limited 
load obtained in these two bench boundary- 
lubrication machines qualitatively follows the 
same laws as wear- and score-limited loads of 
gear sets. 


7. SURFACE TREATMENT AND FINISHING 


Effect of Finishing Grade on the Wear of 


Diesel Engine Cylinder Wall. 
Y. Nakayama and H. Endo. Bull. JSME, 


2 (8) (1959) 584~593. 
From the results obtained, the authors 
reached the following conclusions: (1) the 
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wear of a honed cylinder is smaller than that tween the two cylinders with different finish- 
of a fine-bored cylinder at the initial period, ing grades; (3) the ordinary honed, cast-iron 
but with regard to the total wear for a long cylinders shorten the fitting time. 

period, no difference was found; (2) for the (For detailed abstract see Appl. Mechanics 
piston wear, ring wear, tension and pressure Reviews, 13 (9) (1960) 701.) 


distribution, there were no differences be- 


8. MACHINING AND TooL WEAR 


Use of Radioactive Isotopes for the Selection V.D. Kuznetsov, G. D. Polosatkin, and M. P. 
of a Lubricant-Coolant for Polishing (in Kalashnikova. Fizika Metallov i Metallove- 
Russian). denie, To (3) (Sept. 1960) 425-434. 
S. N. Korchak. Stanki i Instrument, 31 (10) A laboratory device used in studying metal 
(Oct. 1960) 26-28. cutting at 100-700 m/sec is described. During 
Application of radioactive isotopes showed abrasion-cutting of Al and duraluminum, the 
details of the polishing process. The method changes in cutting force, the shrinkage of the 
permits observation of the adherence of the chip, its hardness, the depth of the cold- 
metal to the operating surface of the polishing worked layer under the machined surface, 
wheel. and the weight of the cut chip at constant 
cutting depth were studied. The temperature 
Study of Cutting Process at Very High of recrystallization in the cold-worked layers 
Speeds (in Russian). and other parameters were determined. 
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Mechanics for Textile Students, by W. A. Hanton, An introduction to the study of mechanics for 
textile students. The Textile Institute, Manchester, and Butterworths Sci. Publ., London, 1960, 
First impression 1954, reprinted 1960; 166 fig.; 336 pp.; 22 * 134 cm; 30s. 


This is an elementary text to be used in a technical college in conj unction with explanations from 
the instructor. Two of the nineteen chapters deal with friction, giving facts rather than an expla- 
nation of basic principles. The chapter on “‘coil friction” contains a series of useful examples on 
what is a frequently neglected area of friction problems. ; 

It is regrettable that the next generation of textile technicians is, it seems, to be kept ignorant 
of the wide and growing application of the metric system. Addition of conversion tables to future 
editions might remedy this situation. 

The book will be of some interest to those concerned with teaching this particular subject at 


high school level. 
igh s G.Sa. 
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SUMMARY 


The nature of surface damage that occurs at the surfaces of solids in sliding contact is highly 
dependent on the interaction between the surfaces and the environment. This was demonstrated 
by the experimental results obtained with various amounts of active gases in a liquid lubricant. 
In particular, the effect of removal of dissolved oxygen on the wear of cast iron was phenomenal. 

A study with various phosporus compounds added to a liquid environment showed a good 
correlation between the lubricating effectiveness and their chemical structure. 


INTRODUCTION 


The nature of interactions between the environment and the surfaces of solids in 
sliding contact is one of the important factors that determine the principal operating 
mechanism or mechanisms of surface damage. The surrounding medium cani be gase- 
ous, liquid, or solid. 

The effect of active gas components in gaseous environment has been studied to 
some extent. The results of such a study were reported in a previous publication!, and 
included the effects of oxygen partial pressure in a predominantly nitrogen atmos- 
phere and of ethanol vapor pressure in air. When the ethanol vapor pressure in air 
was increased, it reached a critical value where wear (weight loss of test specimens) 
decreased rapidly from a high value to practically zero. The transition was quite 
sharp, and was observed under several different loads with pure copper and with 
pure iron specimens. 

When the amount of surface adsorption was not sufficient to allow shear of the 
majority of contacting high spots inside the adsorbed layer of low shear strength, 
the surface film acted as a diffusion barrier which decreased the chance of metal 
transfer and caused a greater portion of the total damage to appear as wear. This was 
observed in studying the effect of oxygen partial pressure. An increase of oxygen 
partial pressure in a nitrogen atmosphere increased the rate of surface oxidation of 
the test specimens; as a result, a greater portion of the total damage appeared as wear. 

The present discussion deals mainly with liquid environment that contains gases 
or other liquids. 


MECHANISMS OF SURFACE DAMAGE 


Wear is a form of surface damage that involves removal of material from solid 
surfaces in sliding contact. Another form of surface damage is the metal transfer 


* Present address: Esso Research and Engineering Co., Linden, N.J., U.S.A. 
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which occurs when a fragment of metal fractured from one sliding surface forms a 
strong bond with the opposite surface. In the extreme case, every fragment torn from 
one surface is transferred to the other surface; thus, there are no loose wear fragments. 
The important mechanisms of surface damage through wear and metal transfer are: 

Plastic roughening and diffusion 

Chemical wear 

Abrasive and cutting action 

Spalling 

Adhesion 


Plastic roughening and diffusion 

The load applied to a sliding system is carried by a number of scattered high spots 
in actual contact on the surface, rather than by the entire surface. Plastic roughening 
takes place at the interface of contacting high spots which are plastically deformed 
under load?. Fracture of these high spots is attributed to the interlocking effect re- 
sulting from the plastic roughening. 

Loose wear particles are formed if the fractured fragments are not transferred. 
However, metal will be transferred if a strong bond is formed at the contact interface. 
Atomic and molecular diffusion during the temperature flash resulting from rupture 
strengthens the bond at the contact interface by overcoming the barrier effect of the 
surface-contamination layer. Metal transfer also can occur as the result of excessive 
plastic roughening. This occurs when abrupt movement along crystallographic planes 
during plastic deformation causes piercing of a thin contaminative layer, thereby 
producing scattered contacts between naked metals within asperities. The effects of 
various factors — load, crystallographic orientation, grain size, characteristics of 
surface contamination, etc. — on wear have been discussed in previous publications?. 


Chemical wear 

Metal transfer is more detrimental than wear since it causes scoring and seizure of 
moving parts. Chemical conversion of the surface layer provides an effective means 
of controlling the form of surface damage. However, any agent which prevents metal 
transfer by chemical action, such as the commonly called “extreme pressure”’ addi- 
tives, should not be so active as to cause more chemical wear than necessary. An 
extremely active additive causes a high rate of chemical conversion of the surface 
layer into loosely attached material, which will be readily removed by rubbing. This 
will result in excessive chemical wear. 


Abrasive and cutting action 


Hard particles and sharp protrusions promote surface damage by abrasive and 
cutting action. They come from several sources. Abrasive particles may come from 
dust in the atmosphere or as the result of the undermining of hard particles in the 
micro-structure of the surface material. The formation of sharp protrusions can be 


initiated by metal transfer. If it snowballs, ultimate seizure of moving parts causes 
serious damage. 


Spalling 


Spalling is characterized by the removal of material in large fragments and the 
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resulting formation of voids on the wear surfaces. Spalling is largely induced by a 
heterogeneous microstructure and by fatigue during the sliding process. The dislodged 
fragments frequently act as abrasives to promote further surface damage. 


Adhesion 


Two perfectly clean surfaces in a vacuum slide with extreme difficulty because 
metallic adhesion reaches its full strength under these conditions*,>.6. A force approxi- 
mately equal to the originally applied load is required to separate the surfaces in the 
direction normal to the surface. Every piece of sheared-off metal adheres to the oppos- 
ing surface without the formation of a loose wear particle. A trace of contamination 
greatly reduces metallic adhesion. It is rather fortunate that oxide-covered surfaces 
usually show no detectable adhesion®. In the absence of a contaminative layer on the 
sliding surface, the adhesion mechanism dominates the control of sliding behavior. 


ACTIVE GASES IN LIQUID LUBRICANT 


Gases dissolved or entrapped in a liquid lubricant often greatly affect the liquid’s 
effectiveness as a boundary lubricant in minimizing surface damage. This important 
factor has been frequently overlooked. The most commonly encountered reactive 
gases in liquid lubricants are oxygen from the surrounding atmosphere and HeS and 
HCl from decomposition of the liquid lubricant or its additive components. For special 
applications, other reactive gases can be purposely introduced into the liquid lubri- 
cants to modify their lubricating properties. The following discussion presents re- 
search results demonstrating the effect of two commonly encountered gases — Hes 
and Ox. 


Effect of dissolved H2S 

The effectiveness of some of the “E.P.”’ additives can be attributed to their ability 
to liberate H2S or other active sulfur compounds when the “E.P.” activity becomes 
needed. As the gas is generated, it chemically converts the surface layer of the areas 
where protection from surface damage is required. It is, therefore, important that the 
reactive gases are liberated at the areas of actual rubbing and under the action of 
localized temperature rise and kinetic stresses induced by rubbing. It is undesirable 
to have HS liberated at ambient temperatures and thus cause any appreciable 
amount of dissolved HeS in the bulk fluid. However, for the purpose of demonstrating 
the effects of HeS, tests have been conducted to observe the performance of a fluid 
containing HS. 


TABLE I 


EFFECT OF DISSOLVED HYDROGEN SULFIDE ON FOUR-BALL WELDING LOAD 


Lubricant additive a] anager (ke) 
1.0 wt.% O, S-dioctyl barium phosphorothioate (with some tri-n-octyl tetra- 125 
thiophosphate) with dissolved H2S due to slow decomposition at room temperature 
1.0 wt.% above additive with part of dissolved H2S removed by pumping II5 


1.0 wt.% freshly prepared O, S-dioctyl barium phosphorothioate — no dissolved H2S 105 


Base lubricant: plain mineral oil 90 
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A barium salt of O,S-dioctyl hydrogen phosphorothioate [ (CsH7O) (CsH7S) P(O)O]}2Ba 
by reacting RSH with P2S;5 followed by treatment with alcohol and neutralization 
with BaO. The end product was found to give off HS slowly at room temperature. 
This material was tested at 1.0 wt% concentration in a plain mineral oil, using SAE 
52100 steel balls. Table I shows that the dissolved HeS in the additive raised the four- 
ball welding load of the test blend from 105 kg to 125 kg. 


Effect of dissolved oxygen on the wear of steel shecimens 

A series of experiments have demonstrated the striking effect on wear and surface 
damage of removing air from the lubricating fluid. The experiments were carried out 
on a four-ball machine operated for two hours at 50°C and 570 r.p.m. under a load of 
20 kg. The balls were SAE 1015 steel, and the test fluid was a highly purified mineral 
oil of medicinal grade. 

Degassing the lubricating oil* reduced the average scar diameter to approximately 
one-half of that produced by oil-containing gases. It also changed the appearance of 
the wear surface from a smooth scar to a plastered appearance, which was due to 
excessive metal transfer. The reasons for this change are discussed in the following 
paragraphs. 

Moisture promotes chemical attack of the metal surface by the oxygen in the air. 
The resultant surface contamination acts as a diffusion barrier to minimize metal 
transfer. It also reduces plastic roughening by restraining deformation of the material 
near the surface. Hence, surface contamination reduces the required thickness of the 
low shear-strength surface layer for effective lubrication. It is apparent that the small 
amount of dissolved air in the lubricating fluid serves a very useful purpose by pre- 
venting serious damage through metal transfer. 

In the absence of oxygen and moisture, a diffusion barrier can not be easily formed 
after the oxide originally present on the surface has been removed during the initial 
stage of wear. This lack of a barrier favors the transfer of metal back and forth 
between two sliding surfaces, resulting in serious surface damage. The transfer of 
metal in the four-ball tests was evidenced by a plastered appearance of elevated islands 
of smeared metal. Since the metal is being transferred back and forth without leaving 
the specimen to form loose wear particles, the increase in metal transfer causes more 
surface damage, but the weight loss of the specimen is reduced. This explains the 
observed reduction of the average wear-scar size after oxygen had been removed 
from the liquid environment. The same effect has been observed when the oxygen 
partial pressure in the nitrogen atmosphere was reduced, as reported in a previous 
publication}. 


Effect of dissolved oxygen on the wear of cast iron 

A similar pair of tests was conducted using cast iron balls under identical conditions 
except that the load was raised to 4o kg. 

The effect of dissolved air in oil on the wear of cast iron was rather phenomenal. 
When cast iron balls were immersed in oil containing air, the average scar diameter 
was 0.8 mm. The reactive gases in the fluid were then removed by exposing a large 
surface of the oil to a high vacuum, and continuously agitating the oil by bubbling 


* The oil was covered with a prepurified nitrogen blanket during these tests. 
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(b) 


Fig. 3. Wear debris from test run with cast iron balls, oxygen-fre 


e oil and dry inert atmosphere. 


135. (a) With transmitted light. (b) With reflected light. 
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purified dry inert gas through it. A second wear test was made using the oil free of 
active gases, and with a dry inert atmosphere covering the oil. Under these condi- 
tions, average scar diameter increased ten-fold. 

The photographs in Fig. 1 shows balls tested in the lubricant with and without air. 
In terms of weight loss, removing air from the oil increased the weight loss by about 
50,000 times. Examination of the wear scars revealed the presence of a large number 
of voids varying in size from small to as large as 0.5 mm. Two typical photomicro- 
graphs showing this nature of surface damage inside the wear scar are presented in 
Fig. 2. Wear debris recovered from the oil contained a correspondingly large number 
of particles of sizes ranging from very small to 0.5 mm. Fig. 3 shows two photomicro- 
graphs of the wear particles. Fig. 3a was taken with transmitted light to show the 
contour of the large wear particle in the center. Fig. 3b, taken with reflected light, 
shows clearly that it is a single particle rather than a conglomeration of small particles. 

These observations on the surface damage of cast iron indicate that the severe 
rubbing, after removal of reactive gases from the oil, induced spalling and subsequent 
abrasive and cutting action. Spalling was induced because of the microstructure of 
cast iron. The extremely soft graphite flakes in a pearlite matrix caused disruption 
and weakening of the matrix. Many grains were almost completely surrounded by 
graphite flakes. Intense disturbance under severe sliding conditions could have easily 
ruptured the weak connections between the grains and the main bulk. The loosened 
pieces may not have left the cavity immediately. When they did come out, they 
presumably caused further damage by abrasive and cutting action. 
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LIQUIDS IN LIQUID LUBRICANT 


The liquid-in-liquid lubricant system has been studied most frequently, and conven- 
tional testing methods usually are used. For the purpose of adding variety to this 
study, the orthogonal machining process has been used to evaluate the “E.P.” 
properties of an additive in a lubricant. This method is practical because the tool and 
chip basically form a sliding system lubricated with a cutting fluid. The conclusions 
reached in correlating the observed effectiveness in orthogonal machining with the 
chemical structure of the additives agree very well with those reported by another 
investigator in his study of the same type of chemicals with a four-ball tester’. 


Background information 


In metal cutting, the material that is detached from the work piece forms a chip 
which moves in sliding contact up the face of the cutting tool (Fig. 4). Contact. be- 
tween the chip and the tool face represents a condition of severe rubbing under in- 
effective boundary lubrication. The freshly exposed surface of the chip is in intimate 
contact with the tool surface, and has very little chance to acquire effective surface 
contamination even in an active medium. In a inert atmosphere, the adhesion me- 
chanism predominates at the sliding interface. Because of the large amount of plastic 
deformation involved, an extremely active agent is needed which can penetrate the 
chip-tool interface to produce a chemical conversion layer of sufficient thickness to 
permit shear within the surface layer. This is only partially achieved even with the 
most effective additive. A change in coefficient of friction at the chip-tool interface 
(as may occur with an additive in the fluid) changes the geometry of chip formation 
toward a larger shear angle. The shear angle is approximately equal to the chip- 
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length ratio, as shown in Fig. 4. This ratio is therefore a good indication of a fluid’s 
effectiveness in lubricating the chip—tool interface under severe rubbing conditions. 


Work Piece 


Fig. 4. Geometry of chip formation. 


Chip-length ratio in orthogonal machining is the length of the chip, Le, divided by the path on the 
work piece from which the chip is cut, Li. The exact relation between the chip-length ratio, 
(L2/L1), and shear angle p is 

Le ty sin p 


ee (p—a) 
where a is the rake angle. Because the angle (p—a) is usually very small, this expression can be 
further simplified to 
2 + 
— = sin 
TA - 


The chip-length ratio is related to the cutting force and surface finish. However, a large chip- 
length ratio does not necessarily assure a long tool life. 


Test conditions and procedures 

A number of phosphorus compounds have been tested under the following con- 
ditions. 

Tools of high-speed steel with 15° rake angle and 5° clearance angle were used in 
cutting SAE 1018 steel. The length of the specimen in the direction of the cut was 2 in., 
and its width in the direction parallel to the cutting edge was 0.25 in. The depth of 
cut was 0.015 in. and the cutting speed was 12.25 in. /min in all tests. A newly ground 
tool tip was used for each test. The chip formed during the first cut was discarded to 
eliminate the effect of any contamination originally on the tool surface, and to allow 
conditions to reach an equilibrium state. 


Results and correlation 

Effectiveness of the phosphorus additives was related to their chemical structure 
through a limited number of experiments with Io wt.% of each additive in a straight 
mineral oil. For convenience, the length of the chip rather than the chip-length ratio 
has been reported. Since the original length was always 2 in., the actual length of the 
chip equalled twice the chip-length ratio. Under the carefully controlled test condi- 
tions, the precision of the chip-length measurement and the reproducibility of the 
test results were found to be -+ 1.0%. The base fluid, a straight mineral oil, gave a 
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chip-length of 0.73 in. The chip-length for neat carbon tetrachloride as the cutting 
fluid was 1.09 in. Thus, the spread of the chip-length from the value for a very poor 
fluid to the value for an extremely effective compound was 0.36 in. 


Phosphites and phosphates 


The following tabulated results indicate that phosphites are superior to or at least 


equal to the corresponding phosphates. 


~ 


Compound Chip length (in.) 
(C2H50)3P 0.96 
(C2H50)3PO 0.96 
[CH3(CH2)30]3P 0.97 
[CH3(CHz)sCH(C2Hs)CH20]3P 0.97 
(CH3(CHz)3CH(C2Hs)CH20)}3PO 0.90 
(CICH2CH(CHs)0]3P 1.00 
[(CICH3CH(CHs)O]3PO 1.00 


This is in good agreement with DAvey’s evaluation of phosphorus compounds as 


lubricant additives in a four-ball machine’. 


Thionosulfur 


The beneficial effect of thionosulfur is obvious from the following tabulation of 
pertinent data, with the exception of tri-n-butyl-phosphoro-tetrathioate. 


Compound Chip length (in.) 
(C2H5O0)3PO 0.96 
(C2Hs50)3PS 0.98 
(CH (CHs)30]3PO 0.83 
[CH3(CH2)30]3PS 0.97 
[CH3(CH2)3S]3PO 0.97 
[CH3(CH2)3S]3PS 0.94 
[CICH2CH(CH3)0]3PO 1.00 
(CICHsCH(CHs3)O}3PS I.01 
(CH3sC6H40)3PO 0.92 
(CHsCgH50)3PS 0.97 
(CH30)2(CICsH40) PO 0.98 
(CH30)2(CIC6HaO)PS 1.00 


Thiolosulfur 


From limited test data, thiolosulfur appears to be helpful in improving performance. 


Here again, the tetrathiophosphate is the exception. 
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Compound Chip length (in.) 
(CH3(CH2)30 |3PO 0.83 
(CH3(CH2)35 |3PO 0.97 
(CaH9O)2(CaH9S) PO 0.99 
(CH3(CH2)30]3PS 0.97 
[CH3(CH2)35]3PS 0.94 


Davey reported that thiolosulfur raises the maximum load in the four-ball machine. 


Chlorinated and unchlorinated compounds 

Chlorination of phosphorus compounds appears to improve the cutting perform- 
ance. However, chlorine attached to an aromatic ring seems to give very little 
improvement. 


Compound Chip length (in.) 
[(CH3)2CHO |3P 0.96 
[CICH2zCH(CH3)O]3PS 1.00 
[(CH3)2CHO |3PS 0.97 
[CICH2zCH(CHs3)O|3PS 1.01 
(CH30)2(C6H50)PO 0.98 
(CH30)2(Cl1C6H4O) PO 0.98 


The beneficial effect of chlorination has been reported by various workers. DAVEY’ 
noticed that chlorinated aliphatic phosphites and phosphates are superior to chlori- 
nated aromatic compounds, and that compounds containing a trichloromethyl group 
are particularly effective. 


Size of the alkyl group 

The chip-length data can also be arranged to illustrate the effect of the number of 
carbon atoms in the alkyl group. The phosphorus and sulfur contents of the fluids 
containing 10 wt.% of the test compounds are also included in the following table. 


Compound Chip length Phosphorus Sulfur 
(in.) content (%) content (%) 

(C2H5O0)3P 0.96 1.87 
[(CH3)zCHO]|3P 0.96 1.49 
[CH3(CH2)30]3P 0.97 1.24 
(CH3(CHz)sCH(C2Hs)CH20]3P 0.97 0.74 
(C2H50)3PO 0.96 1.69 
[CH3(CHz)30 |3sPO 0.83 of sale} 
(CH3(CH2)sCH(C2H5)CH20]3PO 0.90 OE 
(CH30)3P5 I.00 1.99 2.10 
(C2H50)3PS 0.98 1.59 1.65 
[(CHs)2CHOsPS 0.97 1.3% 1.36 
[CH3(CHe)30]3PS 0.97 VII 1.13 
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This effect seems to depend on the type of phosphorus compound. In the case of 
phosphites, the chip-length increases slightly with the number of carbon atoms. 
For phosphates and thiophosphates, the effect seems to be reversed. This is at least 
partly and may be entirely due to the decrease in the phosphorus and sulfur content 
with increasing number of carbon atoms in the alkyl group. 

ERNEST AND MERCHANT? studied this effect in cutting pure aluminum with neat 
monohydric alcohols. Chip-length ratio as well as the surface finish quality was found 
to increase materially as the number of carbon atoms in the chain is increased from 
one to three. With further increase in the number of carbon atoms, however, the 
ratio remains substantially constant. A similar effect in cutting aluminum was ob- 
served by SHAW®, who tested several homologous series including chlorides, alcohols, 
mercaptans and disulfides. 


SOLIDS IN LIQUID LUBRICANT 


The results presented in this paper are limited to studies of gas-in-liquid and liquid-in- 
liquid systems. In the case of soluble solids, the solid-in-liquid system is to a large 
degree similar to a liquid-in-liquid system. In a sliding system, solid particles in sus- 
pension are almost always present, either as contaminants or as functional material 
t.e., colloidal solid lubricants. Physical properties such as hardness, particle size, 
crystal shape, crystal structure, shear strength, friability, and tendency to coalesce 
are expected to affect the friction and wear characteristics. The physical and chemical 
interaction between solid lubricants and the sliding surface is another factor to be 
considered in future work. 
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When two perfectly clean surfaces in vacuum are brought into contact under a load, 
metallic adhesion at the interface as well as its roughening due to plastic deformation 
takes place. In such a case, metallic adhesion reaches its full strength! (a force ap- 
proximately equal to the originally applied load is required to separate the surfaces 
in the direction normal to the surface) and dominates the sliding characteristics. 
Therefore, in the adhesive region sliding proceeds with extreme difficulty. Every 
piece of sheared-off metal adheres to the opposing surface without the formation of 
a loose wear particle. The order of magnitude of wv is 10, and its value may range from 
1.5 to over 100. A trace of contamination greatly reduces metallic adhesion. Oxide- 
covered surfaces usually show no detectable adhesion!. Experimental results? also 
show that the surface oxide films are not appreciably broken down during plastic 
deformation by normal loads. Consequently, most sliding systems are not operating 
in the adhesive region. 

The interaction between the environment and the surface of solids in sliding contact 
leads to the formation of the surface films which are indispensible to effective bounda- 
ry lubrication. However, the presence of a surface film is not always a sufficient 
condition for effective boundary lubrication. If the degree of contamination is such 
that the low-shear-strength portion of the surface film is not sufficient to weaken the 
interlocking of the plastically roughened interfaces, a high rate of wear and serious 
surface damage by metal transfer can still occur. The value of « will be of the order 
of 1.0 (in the range 0.2 to 1.8) in the region of ineffective boundary lubrication. 

The difficulty of sliding is greatly lightened when the low-shear-strength portion 
of the surface film is sufficiently thick to permit shear inside itself. In this region, 
relatively small rate of wear, practically no metal transfer, and low yw values (less than 
0.4) characterize the effective boundary lubrication. 


THE TRANSITION 


The change from the state of ineffective boundary lubrication to the state of effective 
boundary lubrication has been found to take place in a sharp transition. 
A wear study was made at Massachusetts Institute of Technology using a rotating 


* Condensed version of a paper published in Proceedings of the Second International Congress of 
Surface Activity, London, 1957, Vol. 3, pp. 539-549, 6 fig., 1 table, (Butterworths Sci. Publ., London; 
Academic Press Inc., New York, 1957), written by invitation of the editor of Wear; see for further 


work p. 257. 
** Present address: Esso Research & Engineering Company, Linden, New Jersey, U.S.A. 


Wear, 4 (1961) 269-273 


270 I-MING FENG 


annular surface pressed against another concentric annular surface made of the same 
metal, with an atmosphere of ethanol vapour in air. The test conditions were as 
follows: sliding speed, 4.5 cm/sec; distance of travel, 307 m; pressure of surrounding 
gas, atmospheric; and room temperature. The weight loss of pure copper specimens 
under a load of 30 g dropped rapidly from approximately 1g mg to practically zero 
in the ethanol vapour pressure range from 38 to 46 mm of mercury?. 

In another series of similar experiments, the weight loss of pure iron specimens 
under a load of 3.1 kg decreased suddenly from 650 mg to practically nil when the 
ethanol vapor pressure was increased from 25 to 31 mm of mercury. The same effect 
has been observed by Hirst AND LANCASTER‘, who employed the test arrangement 
of a spherical rider against a flat surface in their friction study of solvent-cleaned 
nickel and 18-8 stainless steel. A decrease in friction to a lower level occurs in a certain 
range of concentration of stearic acid in benzene. 

In those experiments, the concentration of one of the adsorbable components in 
the surrounding media was the only variable. It is the increase in the amount of sur- 
face adsorption that induces the transition from the ineffectively lubricated state 
(high friction and considerable surface damage) to a state of effective boundary 
lubrication. These results indicate that shear of the majority of contacting high spots 
will occur inside the adsorbed layer of low shear strength when the amount of ad- 
sorption exceeds a certain quantity. 

The amount of adsorption required for shear to occur inside the adsorbed layer is 
related to the degree of plastic roughening of the interface of contacting high spots3. 
During plastic deformation of the high spots that are in actual contact, the abrupt 
movements which take place along several sets of crystallographic planes roughen 
the interfaces to form a matched interlocking pattern’. For a pair of strongly inter- 
locked asperities, fracture tends to occur at the weakest section inside the asperity 
proper rather than at the interface. When the thickness of the adsorbed layer ap- 
proaches the average depth of plastic roughening, the interlocking of the plastically 
roughened interface is weakened, resulting in a sharp drop in wear accompanied by 
a significant decrease in friction to a lower level. 

These experimental results also indicate that for the transition to occur it is not 
necessary to have the entire surface completely covered by the adsorbed polar mole- 
cules. When the amount of adsorption is not sufficient for a complete monolayer, the 
adsorbed molecules group into scattered aggregates; the proportion of surface area 
covered by the packed molecules increases with increasing amount of adsorption®, 
The probability that a high spot which is not covered by polar molecules will encounter 
a bare one on the other surface decreases with the increasing amount of adsorption. 
Whenever the encounter involves just one covered high spot, a low-shear-strength 
layer of a thickness approximately equal to the size of one molecule is provided. 


THE REGION OF INEFFECTIVE BOUNDARY LUBRICATION 


A symmetrical arrangement with specimen pairs of same metal and identical shape 
is preferred for wear study in the region of ineffective boundary lubrication. Its 
greatest advantage is that the amount of wear represented by weight loss is separated 
from metal transfer, because the amount of transfer in one direction is equal to that 
in the opposite direction, causing no change in weight of the specimens. 

The wear experiments mentioned previously indicate that the transition occurs at 
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a load less than 100 g under these experimental conditions with the surfaces of the 
pure copper specimens covered by adsorbed ethanol molecules on top of the oxide 
layer. The following experiments have been carried out in the region of ineffective 
lubrication by using a higher load of 1100 g and employing less effective surface films. 
Other experimental conditions remained unchanged. The steady-state wear rates in 
various atmospheres rather than wear data for a fixed distance of travel are compared 
for the following reasons. At the beginning of every test, the surfaces of the carefully 
degreased specimens are always covered by oxides. During the ‘“‘running-in’”’ period, 
the original oxide layer is removed by the wear process itself. When the steady state 
is reached, the surface layer on the specimen represents the film that is formed as the 
result of the interaction of the metal surface and its surrounding atmosphere under 
the condition of dynamic equilibrium. Therefore, the steady-state slope of the wear 
versus distance of travel curve is independent of the initial surface film. 


Oxygen partial pressure 


The experimental results show a continuous increase in the rate of weight loss of 
the pure copper specimens with oxygen partial pressure. 

In these experiments, the surface films on the metal after reaching the steady state 
will probably be oxides and adsorbed oxygen. When the interlocking of roughened 
interfaces is not weakened by surface contamination, fracture occurs at the weakest 
section inside the asperity proper. Temperature flash during fracture induces momen- 
tary diffusion which tends to weld the sheared-off piece to the opposing high spot, 
forming a blob of transferred metal. The change of metal transfer decreases with an 
increasing amount of surface contamination which is a diffusion barrier. When all 
experimental conditions other than the atmosphere are kept constant, the total 
amount (weight or volume) of the sheared-off metal per unit sliding distance is 
approximately constant. In the region of ineffective boundary lubrication where 
interlocking of contacting high spots is not weakened by the surface contamination, 
the sheared-off peak can become either a blob of transferred metal or a loose wear 
particle. The effect of surrounding atmosphere is merely one of changing the distri- 
bution of the two forms of surface damage, metal transfer and wear’. The surface film 
which interferes with diffusion during the temperature flash decreases the amount 
of metal transfer and increases the amount of wear. The correlation observed between 
rate of weight loss and oxygen partial pressure in a nitrogen atmosphere can, there- 
fore, be attributed to the different thicknesses of the oxide layer formed. The relati- 
vely small sensitivity of wear rate to the change in oxygen partial pressure in the 
range 10-1-1 atmosphere agrees with the results of CAMPBELL AND THomas’, which 
show that the thickness of oxide film formed on a reduced copper surface at room 
temperature is not sensitive to the change in atmosphere from pure oxygen to air. 
There is agreement also between the relatively rapid increase in wear rate with oxygen 
partial pressure in the range of 10-8-10-! atm and the oxidation study of copper at 
room temperature by WHITE AND GERMER’. Their results indicate that the oxide 
layer formed on an evaporated copper film at 2.6: 10-2 atm is thicker than that formed 
ae 5.3°10-* atm. 


Boiling point 
The parallelism between the boiling points of gases and amount of physical ad- 
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sorption!® suggests that a gas of higher boiling point will cause a greater portion of 
the total damage to appear as wear because of the increased barrier to diffusion from 
the greater amount of adsorbed gas. Table I shows the steady-state wear rates in 
three gases, helium, nitrogen and carbon dioxide. The wear rate in a nitrogen atmos- 
phere containing a small amount of oxygen (g-10~4 atm partial pressure) is also listed 


TABLE I 


STEADY-STATE WEAR RATES Véysus BOILING POINTS OF GASES 
“~ 


Gas B. pt. (°C) oer 
COz (Oz partial pressure— 
9-10~-4 atm) — 78.5 45 
Ne (Og partial pressure— 
9:-10~4 atm) —196 34 
Ne (highly purified) —196 13.5 
He (highly purified) —269 13.1 


as a reference for comparing the wear in carbon dioxide containing the same amount 
of oxygen. It can be seen that the wear rate in these three different atmospheres 
increases in the same order as their boiling points. The wear rates in highly purified 
helium and nitrogen are approximately the same because their boiling points are so 
low that the amount of absorption at room temperature is negligibly small. 


Wear and adsorption isotherm 


Experimental wear curves showing weight loss after a distance of travel of 307.5 m 
as a function of vapour pressure of the adsorbable component in the surrounding 
atmosphere have a shape similar to that of type II adsorption isotherm’. These 
results again substantiate the effect of the increased amount of adsorption with 
vapor pressure in shifting an increased portion of the total damage into the form of 
wear. 


FRETTING 


When one of the specimens in the pair in the foregoing tests is arranged to oscillate 
circularly with a small amplitude rather than to rotate unidirectionally, wear debris 
cannot readily escape, and its accumulation causes highly localized surface damage. 
The progressive development of fretting of mild steel in the early stages has been 
studied visually by separating the specimens at predetermined intervals and photo- 
graphing the same area on the test surface!!. The nature of fretting damage at the 
beginning has been found to be quite similar in different atmospheres. As fretting 
continues, the surface damage that is caused in air differs markedly from that in 
helium. In the latter, almost no surface film is acquired by the freshly exposed areas, 
and extensive metal transfer is obvious. Metal is just being transferred back and forth, 
causing considerable surface damage, but practically no weight loss. In dry air, 
relative motion continues to produce loose wear fragments which accumulate inside 
the damaged areas and which also find their way into the adjoining depressed regions 


among the damaged areas. The abrasive action of the debris in causing further 
surface damage is obvious. 
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CONCLUDING REMARKS 


The rubbing of solids has been studied most frequently by examining only the friction 
characteristics of the sliding system. Wear experiments are wanting. Within the scope 
of the influence of surface activity on surface damage, the following phases of the 
wear phenomena require more attention. 

The dissolved gases in a liquid lubricant very often contribute a great deal to the 
effectiveness of the liquid as a boundary lubricant. The interaction between solid 
surfaces and dissolved gases, especially oxygen, and the effect of this interaction on 
friction and surface damage have not been studied sufficiently. In the case of solid 
lubricants, the interaction between the solid lubricant and the sliding surfaces should 
also be investigated in addition to the adsorption of gases on the surface of the 
lubricant itself. More experimental work is also desirable on the relationship between 
surface damage and the dependence of surface activity on crystallographic orientation. 
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SUMMARY 


In introducing the present paper extensive previous research on the anti-wear and anti-friction 
properties of petroleum fractions is reviewed. It has been shown that a mechano-chemical inter- 
action governs the oxidation of lubricants under heavy load and influences in turn the event of 
seizure. In order to isolate these factors the influence of well-defined hydrocarbons on friction and 
wear under conditions of boundary lubrication in argon and in oxygen atmosphere has been studied 
with a four-ball machine. 

The shape of the wear versus load and friction coefficient versus time curves is related to the 
specific surface reactions on hardened steel that occur in a neutral or only slightly oxidative 
atmosphere. It changes with the structure of the hydrocarbon used as a lubricant. Under con- 
ditions of forced oxidation friction is governed by the interaction of metal and of hydrocarbon 
oxidation. These processes enhance chemical wear but reduce seizure and facilitate running-in 
of already damaged surfaces. Synergism is observed between the beneficial effect of oxygen, 
hydrocarbon oxidation products and certain organic sulphur compounds. 


INTRODUCTION 


Petroleum oils —the most important lubricating materials —are hydrocarbon 
systems of very complex composition. They usually contain sulphurous compounds, 
which are active with respect to metals during friction. 

Major achievements have been made recently in the separation of petroleum oils 
into fractions differing in the structure of the hydrocarbon molecules they contain. 
The use of structural-group fractions is a prerequisite of the study of how the compo- 
sition of petroleum oils affects the processes of boundary friction and metal wear 
under pressure. A number of papers!-§ have been devoted to research into the anti- 
wear and anti-friction properties of the most important structural-group fractions of 
petroleum oils of various origin. 

The non-polar part of petroleum oils is represented by naphtheno-paraffinic hydro- 
carbons, the content of which may be as high as 80%. They can easily be separated 
from the oils. Naphtheno-paraffinic fractions can be obtained absolutely free from 
sulphurous compounds. This makes it easier to study the dependence of the anti-wear 
and anti-friction properties on the hydrocarbon composition of petroleum lubri- 
cating media. Closely connected with the naphtheno-paraffinic fractions are the frac- 
tions containing monocyclic aromatic hydrocarbons. Usually the small concentration 
of sulphurous compounds in these fractions can be neglected. Typical of aromatic 
fractions of petroleum oils enriched in polycyclic aromatic hydrocarbons is the pres- 


ence of sulphurous compounds, which can always interact to a greater or lesser extent 
with the metals during friction. 
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Tests carried out on four-ball friction machines established the effect of the compo- 
sition of the main components of petroleum oils on their anti-wear and anti-friction 
properties during friction of hardened steel!-8. Important results were obtained in 
studying a large number of naphtheno-paraffinic fractions of various compositions. 
Though it seemed that the anti-wear and anti-friction properties of these non-polar 
substances under conditions of boundary friction should be identical, this was not 
found to be so. In tests made in air the anti-wear and anti-friction properties of non- 
polar fractions may differ greatly!-8. It was noticed that in these tests conjugate 
reactions of oxidation of steel and hydrocarbons occurred intensively in low-polarity 
and non-polar low-viscosity oils*.7:8, This results in break-off (degeneration) of seizure 
and facilitates run-in of friction surfaces damaged by that process*.7.8. It was shown 
that the process of conjugate oxidation of the hydrocarbon lubricating media and the 
steel during friction of the latter is of prime importance for all the fractions of petro- 
leum and for the oils themselves’. 

The effect of oxidation of the lubricating oils on boundary friction has been pointed 
out in many papers?-2°. Intensive oxidation of petroleum oils under the action of 
friction between steel and steel in air was described in refs. 30 and 31. But even here 
the essential influence of the conjugate processes of oxidation of the steel and the oil 
on the friction duty was not indicated, although there is no doubt that it took place. 
The importance of the processes of conjugate oxidation of hydrocarbon lubricants 
and steel during boundary friction was pointed out in a number of publications?.?.8.22, 
28,29 Heavy-duty friction at elevated sliding speeds and high contact pressures was 
studied in tests made on four-ball friction machines, this type of friction being very 
sensitive to chemical modification of the friction surfaces. Just recently, several papers 
appeared?5—29 which reveal how important the role of conjugate oxidation of steel and 
lubricants can be at various friction duties. 

Oxide films form very rapidly on friction surfaces of steels and many other metals 
in the presence of oxygen. Therefore the lubricating medium is in direct contact with 
the oxide films and the boundary layers of the lubricant repose on oxide films. Their 
major role in boundary friction was demonstrated long ago in the researches of the 
BowDEN and Frncu schools as well as in many more recent studies. 

Under light-duty friction the most important part is played by the boundary layers 
of the lubricant. The intensity of wear of the oxide layers under such conditions is not 
high. Therefore in tests, which are usually carried out in air, the rate of regeneration 
of the oxide film by oxygen dissolved in the lubricating medium and by that of the 
organic oxidation products of the latter, may be quite high. The boundary layer is also 
restored rapidly enough on this regenerated oxide film. On passing over to heavier- 
duty friction, the boundary layer may break up under the action of increasing heat! 
15,32,38. Under such conditions the oxide films become the main protection of the 
metals against adhesion leading to seizure. Increasing the rate of wear may evidently 
result in the rate of formation of the oxide layers being too low, under a given set of 
conditions of oxygen delivery, to prevent macroadhesion of the metals and develop- 
ment of seizure. This means that on passing from lighter to heavier friction duties 
(increasing the contact pressures, sliding speeds, etc.) the relative role of the boundary 
lubricant layers will diminish while that of the oxide layers will increase, especially 
in the case of hardened steels, the hardness of which is higher (at least, in their surface 
layer) than that of the iron oxides. 
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Oxide layers on steel surfaces play a triple role in the friction of these surfaces in 
hydrocarbon media. 

First, upon friction in the absence of seizure the surface oxide layer wears off. 
Therefore, the intensity of wear should be determined, for hard steels at any rate, by 
the intensity of formation and by the characteristics of their oxide layers. Secondly, 
the oxide layers obstruct adhesion of the metals. At a high rate of formation of these 
layers adhesion is prevented or its course becomes milder. Thirdly, the formation of 
oxide layers on the metal catalyses oxidation of the hydrocarbons. The hydrocarbon 
oxidation products become oxygen carriers, facilitating oxidation of the metal and 
making the oxidation of the metal and the hydrocarbons conjugate processes. 

The formation of oxide layers on steel during its friction in hydrocarbons occurs 
actually in a reducing medium. Therefore there is every reason to assume?6 the for- 
mation under these conditions of lower iron oxides, which are distinguished by the 
most favourable anti-friction characteristics". 

In conformance with the above point of view, it has been shown in a number of 
publications?.7,8,24,28,29.35 that forced oxidation during the friction of steel in various 
hydrocarbon lubricating media enhances wear in the absence of seizures and shifts 
intense seizure towards high contact pressures. If seizure occurs at small loads it is 
degenerate, 7.e. lasts a short time and is accompanied by insignificant wear. 

Oxygen and oxygen compounds act similarly to sulphur?> and many thioorganic 
compounds®.**. Oxygen, sulphur and those of their organic compounds that are active 
towards steel (upon friction) play a dual part. On the one hand, these substances are 
anti-seizure additives; on the other hand, they enhance chemical wear, 7.e. wear 
resulting from intensive formation of inorganic iron compounds in the friction zone. 
It was also found that oxygen on the one hand, and sulphur> and thioorganic addi- 
tives’.*9 on the other, enhance each other’s action. 

_ The above-mentioned complex composition of petroleum oils makes it difficult to 
study the anti-wear and anti-friction properties of hydrocarbon media. It is often 
impossible to reproduce tests made with petroleum oils and the composite parts of 
oils, since these substances are of variable composition. The assortment and produc- 
tion technology of oils keeps changing constantly. Further, the use of only petroleum 
oils and the structural-group fractions of oil as hydrocarbon lubricating media, despite 
their great importance, limits the possibility of varying conditions under which oxi- 
dative and other processes take place during friction. For this reason an investigation 
was undertaken of the anti-wear and antifriction properties of individual hydrocar- 
bons and of hydrocarbon isomer mixtures. 


OBJECTS AND METHODS OF RESEARCH 


The hydrocarbons, the investigation of which formed the basis for the general con- 
clusions of this paper, are characterized briefly in Table I. The results of an investi- 
gation of triisoamylnaphthalene are given in detail in ref. 35, of dicyclohexyltetraline 
and cyclohexyldecaline in ref, 29. The effect of dibenzylsulphide, a typical anti- 
seizure compound, on wear and friction was studied by using solutions containing 
this compound in a concentration of 0.1 mole/l. Unless otherwise stated, the tests 
were made with hydrocarbons freshly distilled in a stream of pure argon. 

The tests with the hydrocarbons were performed on the four-ball friction machine 
previously described%6.37, However, in this study the friction unit was somewhat 
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modified. It is shown in Fig. 1. Three balls (3) are arranged in a cup (4), their position 
in it being fixed rigidly by a nut (2). The upper rotating ball is fastened to the end of a 
spindle (5) by means of a nut (1). The balls used were $ in. in diameter, made of chrome 
ball-bearing steel and hardened to 63 Rc. The nut (2) has a snugly fitting Teflon ring 
(6). A metal tube (7) lies in a groove and passes through a hole drilled in the bottom of 
the cup (4) and through the clearance between the ring (6) and the nut (2). Through 
this tube gas is blown through the lubricant. 


~ 


Fig. 1. Friction unit based on four-ball pyramid. 


The method used in the tests was as follows. The friction unit was put under load, 
then argon or oxygen was blown through. Three or four minutes later the spindle was 
set in rotation. All the tests lasted 1 min. The sliding speed was 23 cm/sec. Dried 
argon and oxygen were blown through continuously at a rate of 12 l/h. The sliding 
speed is sufficiently high and the gas rate sufficiently low as not to cause percep- 
tible splashing of the hydrocarbons from the cup during the tests. Unless particularly 
specified, the tests were made at a lubricant temperature of 100 -+ 1°C, when the 
difference between the oxidative action of air and oxygen is sufficiently distinct. It 
was established that heating the gas does not effect the results and, therefore the 
gases blown through the friction unit were at room temperature. The tests in air did 
not involve blowing. In this case no Teflon ring was used to seal the cup containing 
lubricant and balls. 

After each test under a given load the lubricant was drained from the cup and the 
ball wear was measured. From test to test (from load to load) the balls were replaced 
by new ones or turned over so that at the beginning of each subsequent test friction 
occurred on a unworn part of the surface. The lubricant was not changed, but each 
time several drops of fresh lubricant were added to it to keep its volume constant (at 
3-7 ml) and the lower balls covered. The total lubricant consumption in one series of 
tests at various loads was up to 5 ml. Loads were varied from low to high in all cases. 

The tests made in argon atmosphere did not exclude the presence in the hydro- 
carbons of small quantities of oxygen and their oxidation products. Firstly, all 
manipulations, even with freshly distilled hydrocarbons, were carried out in air: 
feeding the lubricants to the friction unit, draining them from the cup for measuring 
the diameters of the wear patterns, dissolution of dibenzyldisulphide, etc. Secondly, 
the argon contained as much as 0.05°/ oxygen. This means that the tests were per- 
formed under conditions of ‘oxygen starvation”. 
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RESULTS AND DISCUSSION 


In this paper the anti-friction properties of hydrocarbon lubricating media are charac- 
terized by curves depicting the time dependence of the friction coefficients, and re- 
corded at various axial loads in the course of one-minute tests. Typical friction vs. 
time diagrams are shown in Fig. 2. The curves marked 1 refer to tests at loads slightly 
below seizure loads. Those marked 2 shows the course of the friction process when the 
seizure loads are reached and when the friction coefficients increase sharply. Curves 3 
correspond to loads considerably exceeding seizure loads. 
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Fig. 2. Friction diagrams for various hydrocarbons. (Axial loads P are in kg.) 
I Tetracosane P (load in kg) III 1,5-Diphenyl — 3 — heptylpentane 
I 2 3 I 2 3 
a oxygen 51 52 135 a oxygen 52 56 135 
b_ air , 45 48 120 b. air 42 44 105 
c argon 24 20 c argon 15 1g) 
Il 1,5 — Dicyclohexyl - 3 — heptylpentane IV Cyclohexyltetraline 
I 2 3 I 2 3 
a oxygen 56 60 135 a oxygen 56 60 135 
b. air 44 45 105 b air BO 35 120 
c argon 15 16 c oxygen 23 24 45 


In the tests involving forced oxidation (blowing of oxygen through the friction unit) 
at not very high loads only degenerate seizure is observed. It manifests itself in ashort- 
lived and usually minor increase in the friction coefficients (curves 2 in Fig. 2a). How- 
ever, even at considerably higher loads seizure readily stops and gives way to run-in of 
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the friction surfaces damaged by seizure. On the friction vs. time curves this is mani- 
fested by the limited length of time during which high and varying friction coefficient 
values are recorded (curves 3 in Fig. 2a). 

In passing from the tests involving oxygen blowing to tests in air and with argon, 
the conditions of dynamic friction become more drastic. If, however, the load exceeds 
the seizure load only insignificantly, then even in the experiments involving blowing of 
argon through the hydrocarbons seizure is sometimes limited in time. 

The results of our study of the anti-wear properties of hydrocarbons are presented 
as wear vs. load curves on graphs plotted in log-log coordinates. On these graphs the 
abscissas are the axial loads P pressing the lower balls against the upper one (P 
values given in kg). The ordinates are the average diameter (d) values of the wear 
spots on the lower balls in mm. On all the wear vs. load graphs a line a is drawn deter- 
mining the diameters of the elastic contact areas of the statically compressed balls. It 
is also very useful to examine the curves of dependence of the average specific loads 
(p) recorded at the end of the 1-min tests on the axial loads. The specific loads are 
calculated as the ratio between the normal loads and the area of the wear spots. They 
are expressed in kg/mm?. 

The wear vs. load curves reflecting the most important results of our study of the 
anti-wear properties of hydrocarbons are shown in Figs. 3-6. 

In the simplest case the wear vs. load curves are single-stepped. The lowest load at 
which the wear increases sharply is considered the corresponding seizure load (Px) 
Sometimes the wear vs. load curves are two-stepped. Then the lower (P;’ at the lower 
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Fig. 3. Anti-wear properties of high-molecular alkane and cyclane-alkane hydrocarbons, (ye 
1’) tetracosane in argon, air, and oxygen; (2, 2’, 2’) 7-hexyloctadecane in argon, air, and oxygen: 
(3353597 er} 5-dicyclohexyl-3-heptylpentane in argon, air, and oxygen. 
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Fig. 4. Anti-wear properties of high-molecular alkylated aromatic hydrocarbons. (I, 1’, 1”) 
1, 1-diphenyldodecene-r in argon, air, and oxygen; (2, 2’, 2’) 1, 1-diphenyldodecane in argon, air, 
and oxygen; (3, 3’, 3”) 1,5-diphenyl-3-heptylpentane in argon, air, and oxygen. 
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Fig. 5. Anti-wear properties of cyclohexyltetraline and of a solution of dibenzyldisulphide in 
cyclohexyltetraline. (1, 2, 3) cyclohexyltetraline in argon, air, and oxygen; (14-2-3-) dibenzyl- 
disulphide solution in cyclohexyltetraline, in argon, air, and oxygen. 
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step) and the upper (P;’’ at the upper step) critical loads are registered. Attainment of 
P;, is detected on friction vs. time curves by the sharp prolonged rise of the friction 
coefficients. The value of P;’ usually corresponds to rapidly ceasing seizures. Transi- 
tion to the heaviest friction duties occurs at P > P,”’. 


307 


—-+ d (mm) 


5-2 3 4 50 60 @ 8% iw 50 200 250 300 
——+ P (kg) 
Fig. 6. Anti-wear properties of dicylclohexyldecaline and of a solution of dibenzyldisulphide in 


dicyclohexyldecaline. (1, 2, 3) dicyclohexyldecaline in argon, air and oxygen; (1’, 2’, 3’) dibenzyl- 
disulphide solution in argon, air and oxygen. 


Two-stepped wear vs. load curves are observed when certain low-viscosity oils!-5 
or oils from sulphurous crudes® are tested in air, and with forced oxidation of many 
hydrocarbon lubricants. In the latter case smooth wear-load curves often result’. 
The wear vs. load graphs given in this paper (Figs. 3-6), include numerous two-step 
curves. An examination of these and comparison with the friction vs. time diagrams 
shows that when P;’ is reached the intensity of seizure, estimated by the increase in 
wear and in friction coefficients, may be different. 

If the wear vs. load curves are almost smooth (as, for example, curves 3 and 3’ in 
Fig. 5) the critical seizure loads cannot be found directly from them. However, in this 
case with growing loads short-lived jumps are first observed on the friction coefficient 
vs. time diagrams (see curve 2 in diagram IVa, Fig. 2), followed by a substantial and 
more prolonged rise in the friction coefficients usually accompanied by major, 
abrupt oscillations of the latter. A sharp, but short-lived rise of the friction coeffi- 
cients appears at rapidly ceasing degenerate seizure. It may be accepted that degener- 
ate seizure arises if P = P,’. The load increase resulting in a considerable and prolong- 
ed rise of the friction coefficients corresponds to attainment of P,’’. If the transition 
from degenerate to strongly manifest seizure is smooth, we must confine ourselves to 
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determination of P;’. Under the conditions of the tests performed after the above- 
described method on solutions of dibenzyldisulphide in hydrocarbon lubricants, dege- 
nerate seizure is observed on the friction diagrams only under medium loads. With 
growing loads the friction coefficients increase but at the same time they retain 
their high, practically constant values for a long time (sometimes irregular, relatively 
insignificant changes are observed in them). 

Critical seizure loads can be employed to characterize the behaviour of lubricants 
and metals only with great caution and always with allowance for how the seizure 
process proceeds in each case. 

Making use of typical friction diagrams (Fig. 2) and the wear vs. load graphs shown 
in Figs. 3-6, let us examine the general relationships characteristic of the hydrocar- 
bons studied in this investigation and previously described elsewhere*°. We shall 
then compare them with what is known for petroleum lubricating oils. In addition to 
the data of Figs. 3-6, we can point out the following. An investigation was carried out 
with 1,1-didecahydronaphthyldodecane and x-tetradecyltetraline in argon in the 
pure form and with dibenzyldisulphide added. The results of the tests with 1,1-dide- 
cahydronaphthyldodecane are similar to those obtained for diphenyldodecane 
(Fig. 4). Introduction of dibenzyldisulphide caused a major drop in Pr. The behaviour 
of x-tetradecyltetraline in the pure form and with dibenzyldisulphide additive was 
approximately the same as that of triosoamylnaphthalene (in the pure form and with 
dibenzyldisulphide, respectively*). 

In the tests involving blowing of argon through the hydrocarbon lubricants con- 
siderable differences of Pz and the shapes of the d(P) curves are observed. However, 
on the whole the lowest seizure loads and at the same time the lowest wear are ob- 
served at P < Px. Therefore, when testing hydrocarbons in argon the pm values 
(maximum # values) are often rather high. At P close to Px seizure ceases readily and 
the friction surfaces damaged by seizure become run-in. This is manifested in the 
distinct two-step nature of the wear vs. load curves. 

The results of tests of hydrocarbons in argon are similar to those observed in the 
case of low-sulphurous petroleum oils and their structural-group fractions with low 
contents of thioorganic compounds®. 

The specific features of the results of the argon tests of hydrocarbon lubricants may 
be explained as follows. Traces of oxygen are present in the hydrocarbons and in the 
argon. Further, the hydrocarbons may contain traces of oxidation products. This encou- 
rages the formation of an oxide layer on the steel surface freshly opened by friction. 

With definite combinations of sliding speeds and loads the boundary layer of sur- 
face-active substances becomes ineffective as a protection against rapid abrasion of 
the oxide layer. If the oxide layer builds up at a sufficiently high rate, intensive deve- 
lopment of adhesion and seizure of the friction surfaces is prevented. If the rate of its 
regeneration is insufficient, seizure sets in, accompanied by a jumpwise growth of 
wear. In the tests with argon seizure begins at low P values. As a result of the wear 
accompanying seizure the specific loads drop abruptly. Then because of this and the 
influence of oxidants seizure is easily stopped. 

In a recent paper?® it was shown that seizure developing under conditions of 
relatively low initial contact pressures in hydrocarbon lubricants containing only 
traces of oxygen and oxidation products results in the formation of a superhard 
layer on the surface of friction bodies made of ball-bearing steel. 
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Friction in the presence of traces of oxidants influences the nature of modification 
of the steel surface during friction in a dual manner. The presence of even very small 
quantities of oxidants prevents welding of the friction surfaces and facilitates their 
run-in when the specific loads drop owing to wear. On the other hand, since the con- 
tent of oxidants contained in the hydrocarbon medium is low, the intensity of for- 
mation of the oxide layer on the friction surface is not high, and the steel is in direct 
contact with the hydrocarbons, which crack under the thermal impact due to seizure. 
Under such conditions the hydrocarbons manifest themselves very effectively as 
carburizers. The action of hydrocarbon lubricating media as carburizers is pointed 
out in a number of paper?8~41, 

The heat gradient from the friction surface into the depths of the metal causes 
diffusion of the alloying components (in the case under consideration, chromium 
ions) towards the surface. Carbon and chromium diffuse in opposite directions. 
Another possibility is decomposition of cementite during the plastic deformations of 
the steel, separation of the carbon and formation of chromium carbide. As a result of 
these processes a superhard layer is formed on the steel surface, resulting in stoppage 
of the seizure process owing to the plastic deformations of the steel, and creating a 
stable foundation for the oxide and boundary layers. All this is essential for explain- 
ing the gentle slope of the upper branch of the wear vs. load curves when the hydro- 
carbon lubricants are tested in argon. 

On passing from tests with argon to tests in air the seizure loads rise. This is due to 
stimulation of conjugate oxidation of the metal and the hydrocarbons. 
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Fig. 7. Anti-wear properties of individual hydrocarbons and low-sulphur structural-group 
fractions of petroleum oils according to tests involving blowing with oxygen. 
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Wi 


Wear, 4 (1961) 274-291 


ANTI-WEAR PROPERTIES OF HYDROCARBONS 285 


When oxygen is blown through the hydrocarbons, the value of P, rises still higher. 
The d(P) curves either become monotonous (Fig. 5) or an insignificant wear jump is 
observed on them at medium loads (Figs. 3 and 4). Wear increases greatly only at very 
high P. Increased intensity of the conjugate oxidation of steel and hydrocarbon lubri- 
cants causes not only a rise of Px, but also stoppage of seizure if the latter occurs. As 
these processes become more intense the wear vs. load curves showing a major wear 
jump at medium P values give way to two-step ones, and to practically smooth ones. 
Monotonous growth of wear with increasing load is the most distinct with easily 
oxidized and relatively low-viscosity hydrocarbons, for example, with cyclohexyl- 
tetraline (Fig. 5). Two-step wear vs. load curves (Fig. 6) relate to more viscous and 
more difficult-to-oxidize hydrocarbons under the same experimental conditions. It 
may be assumed that with increasing viscosity of the hydrocarbon medium, trans- 
portation of oxygen to the friction surface becomes more difficult. Consequently 
seizure becomes more severe. 

Under the test conditions involving blowing of oxygen applied in this study and 
other studies’.28.29.35, the individuality of the anti-wear properties of various hydro- 
carbons and low-sulphurous structural-group fractions of petroleum oils is scarcely 
apparent. Intensive cojugate oxidation of steel and hydrocarbons level down the 
differences in their anti-wear properties, which manifest themselves sharply when 
the friction zone is fed less intensively with oxygen (tests in air and especially in the 
presence of traces of oxygen when argon is blown through). This is illustrated by 
the data in Fig. 7, which represents the results of tests of 38 hydrocarbon media 
of various kinds. These include the hydrocarbons indicated in Table I and the low- 
sulphurous structural-group fractions characterized* in ref. 8 (Tables I and II). It was 
found, remarkably, that the anti-wear properties of a large number of hydrocarbon 
lubricants fall into a narrow band in Fig. 7. 

In the tests considered here the differences in anti-wear and anti-friction properties 
of different hydrocarbon lubricants are not substantial. However, their presence plays 
a very important part. On dry friction in an oxygen atmosphere (same sliding speeds 
and loads) the friction duties are very heavy and wear is high. 

In many studies on dry friction it is pointed out that the kind of oxides formed on 
the metal surfaces during friction is an important factor in wear. It has been shown*4 
that the higher iron oxides, distinguished by high hardness values, cause abrasive wear 
in steel, At high contact pressures this abrasive action should result in heavy wear 
and the development of macro-adhesion of the metals, which in turn increases wear 
and makes the friction duties especially heavy. The most favourable friction con- 
ditions are those under which FeO is produced, because this oxide forms a relatively 
soft surface layer on the steel. The importance of this during friction of steel in hydro- 
carbon lubricating media was pointed out by NaGal ée aie, 

The specific feature of steel-steel friction in hydrocarbon lubricating media in the 
presence of oxygen and hydrocarbon oxidation products is that it occurs under the 
simultaneous action of the oxidants and the medium, which obstructs delivery of 
oxygen to the friction zone and may act as a reducing agent. The nature of the friction 
process depends substantially on the relative role of these processes and on how they 


develop. 


* The structural-group composition of the petroleum lubricants shown in this table are given 
according to the well known n-d-M method, and also according to HazELwoop*?. 


Wear, 4 (1961) 274-291 


286 G. V. VINOGRADOV, V. V. ARKHAROVA, A. A. PETROV 


In the tests in air with high-viscosity hydrocarbon lubricants seizure is accompanied 
by catastrophic wear. The latter may considerably exceed the wear observed under 
the same sliding speeds and initial axial contact pressures during dry friction in air!. 
In seizure conditions the rate of wear is very high. To prevent or arrest seizure and 
transition to run-in conditions the oxidants must be delivered rapidly to the friction 
zone. However, in an oil bath filled with a highly viscous lubricant access of atmos- 
pheric oxygen to the friction zone is rather difficult. Under the same test conditions 
with low-viscosity oils, though seizure arises at lower initial contact pressures, it is 
stopped relatively easily. The result is two-step wear vs. load curves. With highly 
viscous lubricants (petroleum and many synthetic oils) seizure conditions are very 
greatly mollified if the tests are carried out with steel balls coated with only a thin 
film of the lubricant®:?. This facilitates transportation of oxygen to the friction sur- 
faces, resulting in higher seizure loads. At the same time, seizure sets in with slightly 
greater difficulty and is easily arrested. 

When testing hydrocarbon lubricants in an oxygen atmosphere at P < P; there is 
often more severe wear than in tests performed in air and especially than when argon is 
blown in. This was pointed out at an earlier date for petroleum oils* and manifests 
itself especially distinctly in the case of such easily oxidized and relatively low-vis- 
cosity hydrocarbons as cyclo-hexyltetraline (Fig. 5). The high intensity of oxidation of 
steel during friction in low-viscosity lubricants, when oxygen is blown through them 
results in elevated “‘chemico-oxidative’’*? wear of the steel. The generation of friction 
heat grows with increasing loads. The surface of the rotating ball acquires a higher 
temperature, and oxidation develops on it intensively. In the tests involving blowing 
of oxygen through the hydrocarbons at P > 102 kg, the rotating ball begins to wear 
intensively: a groove appears on it, the depth and width of which increase with rising 
P. In the tests considered therefore, oxidative wear plays a very important part under 
all conditions of friction. The wear vs. load diagrams indicate wear of the fixed balls. 
Thus, they give only a qualitative characteristic of the anti-wear properties of hydro- 
carbon media, especially at high P values. A graphic conception of the specific action 
of oxygen on the friction of hardened steel in hydrocarbon media can be had by 
examining the dependence /(P). For some of the hydrocarbons studied this is shown 
in Fig. 8. From this figure it can be seen that in the tests with oxygen maximum p 
values are reached at higher initial contact pressures than when argon is blown 
through the hydrocarbons. It is still more important that intensive procedure of the 
oxidative processes results in a slower drop in the specific loads with growing axial 
loads after pm has been reached. Sometimes a second maximum appears on the p(P) 
curves (curve 2’). This indicates that in a certain interval of increasing P such a rise 
in intensity of oxidative processes is possible that the development of wear as a result 
of seizure will be retarded. 

Of considerable interest is an examination of the action of dibenzyldisulphide. The 
seizure loads of the hydrocarbons studied in this work decrease under the influence of 
dibenzyldisulphide (curve 3 and 3’ in Fig. 6) or remain unchanged (cf. curves 2 and 2’ 
in Fig. 6). The lowering of the seizure loads may be accompanied by a considerable drop 
of Pm. A common feature of all the dibenzyldisulphide solutions is a slight increase 
in wear with rising loads at high values of the latter. At the same time, the introduc- 
tion of dibenzyldisulphide in hydrocarbon media usually results in a marked rise in 
wear at P < Px (see Figs. 5, 6). 
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It follows from Figs. 3-6 that molecular oxygen and thioorganic compounds active 
with respect to steel act in the same direction as anti-seizure compounds and substan- 
ces which enhance the chemical wear of steel. They manifest distinct synergism. This 
is especially distinct in tests with cyclohexyltetraline (Fig. 5). At lower loads (P < Px) 


——» d (mm) 


——+ P (kg) 


Fig. 8. Dependence of average specific loads on axial loads at end of r-min tests for high-molecular 

alkane and cyclane-alkane hydrocarbons. (1, 1’) tetracosane in argon and in oxygen; (2, 2) 

7-hexyloctodecane in argon and in oxygen; (3, 3’) 1,5-dycyclohexyl-3-heptylpentane in argon and 
in oxygen. 


chemical wear increases, while if the loads are raised to high values wear decreases 
sharply under the simultaneous action of molecular oxygen and disulphide sulphur. 
This phenomenon, which manifests itself distinctly in wear tests, is of importance for 
petroleum oils from sulphurous crudes containing considerable amounts of thioorganic 
compounds. 

The effectivity of action of anti-seizure additives, including molecular oxygen, 
depends to a considerable extent on the nature of the hydrocarbon medium. In tests 
carried out at constant initial bulk temperature of the lubricating medium it rises as 
the viscosity of the latter decreases. The difference in sensitivity of the hydrocarbon 
lubricating media with respect to anti-seizure action of molecular oxygen and diben- 
zylsulphide is especially well exemplified by the data presented in Figs. 5 and 6. The 
high viscosity of the lubricating medium obstructs delivery to the friction zone of the 
molecular oxygen and the anti-seizure compounds dissolved in the medium. Besides, 
even under heavy-duty friction conditions some influence of the hydronamic factor is 
not precluded, because in the tests in question, point contact between the friction 
surfaces occurs only at the initial moment. Therefore, the most intensive temperature 
flash may occur under seizure conditions in low-viscosity lubricating media. This, in 
its turn, accelerates the chemical reactions, which results in cessation of seizure. 

A graphic idea of the specific features of the separate and joint action of dibenzyl- 
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sulphide and oxygen is given by the #(P) curves shown in Figs. 9 and 10. Depending 
on the intensity of anti-seizure action of the substances present in the hydrocarbon 
lubricants, after # has passed its maximum, the specific loads fall off continuously, 
more rapidly at first, and then more slowly, or the specific loads first fall off and then 
grow again. Thus, a second maximum sometimes appears on the #(P) curves. In the 
case of particularly strong synergism of the action of dibenzylsulphide and oxygen a 
smooth /(P) curve results, with a maximum in the region of high P values (curve 1’ 
in Fig. ro). x 

The first maximum on the f(P) curves is observed under conditions of relatively 
weak influence of the anti-seizure compounds present in the hydrocarbon lubricants 


: 
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Fig. 9. Dependence of average specific loads on axial loads at end of 1-min tests in argon for 

cyclohexyltetraline and dicyclohexyldecaline. (1, 1’) cyclohexyltetraline and dibenzyldisulphide 

solution in cyclohexyltetraline; (2, 2’) dicyclohexyldecaline and dibenzyldisulphide solution in 
dicylohexyldecaline. ' 


P (kg ym) 


o 50 100 150 200 250 300 
—+» P (kg) 
Fig. 10. Dependence of average specific loads on axial loads i i 
at end of 1-min tests in oxygen f. 
ea pe and dicyclohexyldecaline. (1, 1’) cyclohexyltetraline and solution of cucorae 
sulphide in cyclohexyltetraline; (2, 2’) dicylohexyldecaline and solution of dibenzyldisulphide in 
dicyclohexyldecaline. 
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on the friction process. Increasing the loads raises the amount of heat generated at the 
initial stage of friction, when the latter occurs under conditions of point contact be- 
tween the balls. This increases the intensity of the chemical reaction taking place on 
the steel surface. The specific loads which the friction surfaces are capable of with- 
standing become larger. On further increase of the loads the wear rate rises to such an 
extent that the supply of anti-seizure compounds in the microvolumes of the lubri- 
cant directly feeding the friction zone is rapidly exhausted. Prevention and arrest of 
seizure may also be limited by the rate of the chemical reactions with respect to the 
wear rate. As the latter rises the specific seizure loads decrease a second time. If the 
chemical reaction between the anti-seizure compounds and the steel takes place at a 
sufficiently high rate even at low loads, chemical wear is the determinative process up 
to the very highest loads. The result is a smooth /(P) curve with a single maximum. 

Conjugate oxidation of steel and hydrocarbon lubricants under heavy friction 
conditions is due to denuding of the juvenile surface of the metal, and to friction heat. 
The heat generation during seizure is of the nature of a heat impact. These conditions 
differ substantially from those under which oxidation of liquid hydrocarbons is 
usually studied. It may be assumed that with respect to impact oxidation the differ- 
ences between hydrocarbons will manifest themselves less strongly than upon their 
slow oxidation. Indeed, in the one-minute tests in air considered above, peroxide 
compounds are detected in the hydrocarbon lubricants during seizure. Resinous 
substances are often observed to deposit in the direct vicinity of the wear spots on the 
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Fig. 11. Anti-wear properties of oxidized cyclohexyltetraline. (1a, b, c) Tests at 100° in oxygen, 
air, and argon; (2a, b, c) ditto at 60°; (3a, b, c) ditto at 20°. 
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ball surfaces. If the tests involve blowing of Oz the peroxide reaction is very intensive. 
It was demonstrated by GRUNBERG* that friction between metals in the presence of 
water is accompanied by the formation of HzOz. Peroxides are compounds of very 
high chemical activity. This means that during friction between metals intensive 
chemical reactions in different lubricants may occur, and this will have a marked 
effect on wear and friction. 

Of considerable importance is the oxidizability of hydrocarbons under ordinary 
conditions. Their oxidation products may act as substances causing chemical wear of 
steel, arresting seizure and facilitating run-in of friction surfaces. This is explained 
by the results presented in Fig. 11 of tests performed with cyclohexyltetraline. 

Cyclohexyltetraline oxidizes readily on standing in light, if it is in contact with the 
air. A hydrocarbon was used which showed a sharp peroxide reaction and contained 
traces of aldehydes and ketones. It can be seen from Fig. 11 that in this case the 
oxidative activity of gaseous media in the presence of which the tests were performed 
has only a slight effect, though this effect is regular (at very high loads). A comparison 
of curve I in Fig. 11 (oxidized hydrocarbon) with curve 3 in Fig. 5 (freshly distilled 
hydrocarbon) suggests that the oxidation products of cyclohexyltetraline have the 
same effect as blowing oxygen through it. 

In the upper part of Fig. rz are the friction vs. time diagrams obtained in tests in- 
volving blowing off the oxidized hydrocarbon with argon at 100°. Owing to the pres- 
ence in the lubricating medium of the oxidation products, the friction vs. time curves 
are the same as with intensive blowing of oxygen through the freshly distilled 
cyclohexyltetraline. It was also found that the addition of oxidized cyclohexy]l- 
tetraline to the freshly distilled compound has the same effect with respect to anti- 
wear and anti-friction action as blowing of oxygen through it. 


CONCLUSION 


The important role of the processes of conjugate oxidation of the metal and hydro- 
carbon lubricants has been demonstrated during the friction of hardened steel under 
high sliding speeds and contact pressures. On passing to heavier friction duties, the 
importance of oxidation processes and of the formation of oxide layers on the steel in- 
creases. Molecular oxygen and hydrocarbon oxidation products act as substances en- 
hancing chemical (oxidative) wear, prevent and stop seizure, and facilitate run-in of 
friction surfaces damaged by seizure. 

Tests of about 40 hydrocarbon lubricants of different kinds showed that with in- 
creasing oxidative activity of the gaseous medium their anti-wear and anti-friction 
properties level out. 

All studies of friction and wear of hardened steels in hydrocarbon lubricants 
(petroleum oils, etc.) in air are performed in the presence of oxidants which may 
display a strong anti-seizure action similar to that known for sulphur and thioorganic 
compounds. Synergism is observed between the action of oxygen and hydrocarbon 
oxidation products, on the one hand, and between that of sulphur and thioorganic 
compounds, on the other. 

It has been established that individual high-molecular hydrocarbon can be em- 
ployed as model substances for studying the anti-wear and anti-friction properties of 
low-sulphurous petroleum oils. 
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THE EFFECT OF LOAD ON THE CRITICAL TEMPERATURE OF OIL 
IN THE LUBRICATION OF DIFFERENT MATERIALS 
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(Received February 16, 1961) 


SUMMARY 


The critical temperature of an oil film was determined in a modified four-ball machine for hard 
and relatively soft material at low rates of sliding. Only when both specimens were of hardened 
steel was the temperature of seizure independent of load. For combinations with copper alloys or 
polyamide, seizure depends not only on temperature but also on plastic deformation at the contact 
area. The permissible contact pressure, at which the critical temperature is still independent of 
load, has been determined for some combinations of materials. 


According to modern views, temperature is an important factor which determines 
the strength of a lubricant film on a rubbing surface. 

Biox! considered that for a given combination of materials, rubbing against each 
other, there is a constant critical temperature at which a given oil loses its lubricating 
properties and no longer prevents direct contact between the rubbing surfaces. This 
critical temperature is almost independent of the load, the speed of sliding and the 
bulk temperature. However, if the bulk temperature of the oil is sufficiently high, 
local (contact) temperature, necessary for seizure of the surfaces, is reduced. 

The work of BowpeEn, TaAzor and their collaborators?-6 on the strength of lubricant 
boundary layers has done much to establish the nature of this phenomenon. In par- 
ticular, they have shown that the increase in friction and the change in sliding 
behaviour occurring at a well defined temperature characteristic of the given combi- 
nation of materials is due to disorientation of the boundary layer of lubricant. 

Further evidence of the important influence of temperature on the properties of 
lubricant boundary layers at a metal surface was furnished by testing various oils at 
the Institute for the Study of Machines, Academy of Sciences of the U.S.S.R.7.8, In 
these tests a four-ball machine was used, the load being increased by degrees until 
seizure took place. 

It was found that as the sliding speed or the oil temperature were increased, seizure 
occurred with lower loads. The product of the friction value, pressure and sliding 
velocity (upv) at the instant preceding seizure is nearly constant (upv = const). The 
value (upv) we call the specific power of friction. The fact that it is a constant (at 
the maximum loads used) just before seizure, over a wide range of sliding velocities 
and pressures, may be interpreted to indicate that a critical amount of heat sufficient 
to cause breakdown of the lubricant film has been generated at this point. 

From the experimental values of the diameter of the contact spot, pressure, friction 
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coefficient and sliding speed, mean temperatures on the rubbing surface at the instant 
when seizure started were calculated by means of a JAEGER’s formula’. They were ap- 
proximately the same in agreement with the concept that frictional heating raises the 
boundary layer to its critical temperature, characteristic of the given oil-metal com- 
bination. 

Critical temperature has thus an important practical significance indicating a 
temperature which must not be exceeded in service. 

An industrial technique for determining the critical temperature of the lubricant 
boundary layer was evolved by the author in collaboration with Professor M. M. 
KurusucuHov’. We also designed a machine (KT-2) for these tests? 

The principle of this four-ball machine is shown in Fig. 1; Fig. 2 gives a general 
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Fig. 1. Schematic view of the four-ball machine KT-2; (a) test oil; (b) electric heating; (c) torsion 
dynamometer. 


view. The load is kept constant (about 200 kg/mm?) and the upper ball has a constant 
sliding velocity (0.4 mm/sec). Such a low rate of sliding practically eliminates any 
frictional heating of the area of contact. The balls and the test oil which surrounds 
them are heated by an external source of heat. The frictional force and the type of 
sliding (whether smooth or intermittent) are determined. Temperature is measured 
and controlled by a thermocouple linked to an electron potentiometer. The technique 
consists in bringing the apparatus to the desired temperature, running the test for 
one minute, then stopping the machine. The balls are turned about (or replaced by 
new ones) the oil is changed, then the cycle is repeated at higher temperatures. 
After each test the diameter of the wear spots on the lower (stationary) balls is mea- 
sured under a microscope. At the critical temperature there is a sharp rise in friction, 
accompanied by a change to intermittent (stick-and-slip) motion and by increased 
wear of the balls. Up to this temperature the lubricant will generally prevent direct 
contact between the rubbing surfaces. This is shown in Fig. 3, which gives the results 
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for several mineral oils. For each of these oils there is a particular critical temperature 
at which sliding changes from smooth to intermittent and the values of the friction 
coefficient increase sharply. The fluctuations in the coefficient of friction are indicated 
in the graph by vertical lines, and the region of intermittent sliding is shaded. 

This method can be extended to low temperatures (MATVEEVSKY!?2) and is useful 
for evaluating polar additives for lubricating oils (MATVEEVSKY®). 


Fig. 2. Four-ball machine KT-2 (external view). 
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Fig. 3. Friction value and wear spot diameter as function of the temperature for mineral oils whose 
viscosities at 100°C are: 1 = E0532 = 1.0726 9"=2/9°R: 


Hardened steel balls (ordinarily, chromium steel, 8 mm in diameter), as used for 
tests in the KT-2 machine, have many advantages. Thus we can easily obtain speci- 
mens of the same composition and shape, with the same hardness. On the other hand, 
the four-ball scheme is not well adapted to oil temperature tests with different com- 
binations of test metal pairs, because balls of uniform quality are difficult to obtain 
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from alloys and plastics. Furthermore, with this geometry of the specimens the cal- 
culated pressure at the real areas of contact in the case of plastic materials may be 
of the order of tens of thousands of kilograms per square centimeter, even at the 
minimum axial load of the KT-2 machine (about 2 kg). In the case of antifriction 
alloys, for instance, such loads will produce considerable plastic deformation at the 
contact area, and the test results will be greatly distorted. 

The KT-2 machine was therefore modified (Fig. 4) so that pressures at the real 
areas of contact were reduced considerably (about two orders of magnitude) while 
the sliding rate remained low as before (MATVEEvskyY!). 


WLLL 


Fig. 4. Sphere—ring arrangement: (1) upper ball; (2) ring specimen ; (3) setting of the ring specimen ; 
(4) cup for oil; (5) clamp to hold the ball; (6) torsion dynamometer. 
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Fig. 5. Friction as a function of temperature. Vaseline oil containing 0.1% stearic acid lubricant; 
hardened steel rubbing on copper. @, first; O, second; , third set of experiments. 


In this machine the rotating ball is made of hardened steel, 12.7 mm in diameter; 
the lower, stationary specimen consists of a ring of the plastic being tested, on which 
a rubbing track 0.2 mm wide has been formed by pressing a 12.7 mm diameter steel 
ball onto it. 
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When similar materials are tested, the rotating ball is replaced by a hemispherical 
specimen of the material being tested. With the specimen sizes adopted the pressure 
on the contact area can be varied from 25 to 600 kg/cm?. The technique with this 
arrangement is the same as in the case of four balls, but since wear on the ring speci- 
men is negligible, changes in the coefficient of friction and sliding characteristics are 
the criteria for estimating the critical temperature. 

Figure 5 shows the results obtained for steel rubbing on copper, with vaseline oil 
containing 0.1% stearic acid as lubricant. A sharp change in friction similar to that 
in the case of steel on steel, denotes the critical temperature. 

Some recent investigations have shown that the critical or failure temperature 
may vary with the test conditions. 

CowLeEyY, ULTEE AND WEST! investigated the effect of temperature on the lubricity 
of oils, for the case of a loaded hemispherical slider moving to and fro on a plane, the 
oil being heated in bulk. In these tests with steel rubbing on steel, the failure temper- 
ature decreased with increasing load and sliding rate. 

New data on the dependence of transition critical temperature in the friction of 
metals or the load and sliding speed, have been obtained by FEIN, ROWE AND KRUEZ!4, 
The rubbing parts in their device were a rotating disc and a slider, while solutions of 
fatty acids in cetane were used as lubricants. Bulk heating was employed. 

The tests showed that the transition temperature decreased with increasing load 
and increased with sliding speed. They gave an experimental curve showing the 
dependence of the lubricant failure temperature upon the ratio of normal load to 
sliding speed. The effects of sliding speed on the critical temperature as found by these 
two groups are contradictory. 

However, it should be noted that in the experiments of FEIN et al.14 the sliding 
speeds were all considerably higher than those used by CowLey ef al.13 and by the 
author. It is therefore possible that FEIN was observing some hydrodynamic effects 
which would naturally be more effective at higher speeds. On the other hand, both 
groups of workers agree that an increase in load reduced the transition temperature. 

In order to ascertain the influence of load on the critical temperature the present 
author investigated the following friction cases: hardened steel against hardened 
steel, hardened steel against copper, copper against copper, and hardened steel against 
plastics. The tests were run in the KT-2 machine either on the four-ball scheme (when 
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Fig. 6. Critical temperature as a function of contact pressure. Hardened steel (tuX 6) rubbing 
on the same steel. Lubricant: vaseline oil containing 0.1% stearic acid. 
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steel was rubbing against steel) or on the sphere-ring scheme (for other rubbing pairs). 
Vaseline oil of high purity, with 0.1% stearic acid added, was used as a lubricant. 
Details of the specimens used and contact pressure applied are given below in Table I. 


TABLE I 
ae Contact pressures 
es Weimar SHA Be aie Bae DPH (kg/cm?) 
Ni: Material Shape of rubbing pairs pares; ae ere ay 
Hertz eqn. 
fe oveel Lys 6 Ball 8 mm diam. sexeXe) 15,500—32,000 
Steel Lu X 6 Ball 8 mm diam. 
2 oteel 1X 9 Ball 12.7 mm diam. 1000 75-000 
Copper MO Ring specimen 20 * 8 X 3 mm 80 
3. Copper MO Hemisphere 12.7 mm 
Copper MO Ring specimen 20 X 8 X 3 mm 80 25-100 
4 Steel wi X 9 Ball 12.7 mm diam. 1000 
Polyamide AK 7 Ring specimen 20 x 8 x 3 mm 16 32-100 


The sliding rate at the site of contact was 0.4 mm/sec. Specimens were washed 
successively in benzine, acetone, ethyl alcohol and anaesthetic grade ether, then im- 
mersed in the test oil for 60 minutes to allow the formation of an oriented lubricant 
layer where applicable. The technique described earlier was used in the tests. Each 
load was applied two or three times. The results for hardened steel against hardened 
steel are shown in Fig. 6. The critical temperature over the experimental load range 
(15,000-32,000 kg/cm?) was constant (140°C). 

In the hardened steel —copper tests eight different loads were tried ; 50, 75, 100, 250, 
300, 400, 500 and 600 kg/cm? (Fig. 7). In the load range from 75 to 250 kg/cm? the 
critical temperature was constant (200°C). At higher loads the critical temperature 
fell rapidly at first, down to 145°C at 400 kg/cm?, and then only slowly to 130°C 
at a load of 600 kg/cm?. 
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Fig. 7. Critical temperature as a function of contact pressure. Hardened steel (tu X 9g) rubbing on 
copper (MO). Lubricant: vaseline oil containing 0.1% stearic acid. 
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With two copper specimens (Fig. 8) increasing the load from 25 to 40 kg/cm® did 
not alter the critical temperature, which in this case was go°C. Within this range of 
loads the sliding was smooth. The friction fell slightly as the temperature increased 
from 20° to 80°C, then rose sharply at the critical temperature, when sliding became 
intermittent (go°C). As the load was increased beyond 40 kg/cm? the critical temper- 
ature fell to about 65°C (at 70 kg/cm?). 
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Fig. 8. Critical temperature as a function of contact pressure. Copper rubbing on copper. Lubricant: 
vaseline oil containing 0.1% stearic acid. 
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Fig. 9. Critical temperature as function of contact pressure. Hardened steel (uy X 9) rubbing on 
polyamide AK 7. Lubricant: vaseline oil containing 0.1% stearic acid. 


In the steel—polyamide tests six different loads were used: 32, 62, 95, 125, 162 and 
180 kg/cm? (Fig. 9). With loads up to 95 kg/cm? the critical temperature was constant 
(120°C). Increasing the load up to 180 kg/cm? gradually reduced the critical temper- 
ature to 105°C. 

Briefly, for the loads used, the only case in which the critical temperature is in- 
dependent of load was when both specimens were hardened steel. 

These results can be explained by the effect of heavy plastic deformation at the 
areas of real contact. Tests made by SEMENOv!5.16 showed that a lubricant layer at 
the surface of the relatively soft material (aluminium or copper for instance) can break 
down even at room temperature as a result of heavy plastic deformation. Breakdown 
occurs because the lubricant is displaced from the contact zone as the surface layers 
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of the metal are pushed aside in the deformation process and underlying layers, not 
covered by the lubricant, come to the surface. In sliding friction the possibility of 
the lubricant layer breaking down, as a result of plastic deformation, is higher still 
because in addition to the normal force considerable tangential forces arise, which 
can contribute to the removal of the oil film and so to seizure. 

When plastic deformations occur only at separate asperities on the contacting 
surfaces and fail to spread deeper into the metal, failure of the lubricant film is mainly 
the result of temperature effects. This was the case in the tests with hardened steel 
against hardened steel, over the whole range of loads used. With other combinations 
of materials this mechanism held only for a limited load range. 

When plastic deformation is marked, failure of the lubricant layer may be due to 
the joint influence of temperature and plastic flow of the material at the contact 
surface. This was probably the case for hardened steel against copper or polyamide, 
and copper against copper. 

Therefore, when determining the critical temperature of an oil film on relatively 
soft materials rubbing together, the pressure at the contact area should be so chosen 
that there is no marked plastic deformation. Contact pressures recommended for 
critical temperature determinations with various material combinations by this tech- 
nique are given in Table II. 


TABLE II 
Hardened steel Hardened steel Copper (or alloy) Hardened steel 
Rubbing materials against against copper against copper against polyamides 
hardened stcel or copper alloys (or alloy) (nylon, capron) 
Permissible contact 
pressure (kg/cm?) up to 30,000 100-200 20-40 40-80 
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SUMMARY 


The friction of a steel or plastic ball against a plastic ring at low speeds was measured and the 
influence of lubrication observed. PTFE shows a low coefficient of friction and smooth sliding 
under all conditions. With polyethylene sliding against the same plastic irregular sliding occurs, 
while sliding becomes smooth in the presence of a lubricant. Several polyamides exhibit pronounced 
irregularities in friction force which are alleviated only by a polar lubricant. Most phenomena are 
interpreted in terms of the adhesion theory of friction. 


The Institute for the Study of Machines, Academy of Sciences of the U.S.S.R., has 
been carrying out research work to determine the critical temperatures of oil during 
friction of hardened steel against various plastics!. The work was carried out on a 
KT-2 machine in which the sphere was of steel, and the ring of a plastic material. 
The method employed has been described elsewhere?. Fig. 1 shows the principle of 
the apparatus. The top specimen (a hardened steel ball made of uu Xo steel, 12.7 mm 
in diameter, with a Vickers hardness of 1000 kg/mm2) revolved under a load over the 
plastic ring specimen at a speed of I r.p.m. (0.4 mm/sec). The ring specimen consisted 
of a washer 20 x 8 x 3 mm, prepared by turning. 


Vig. 1. The friction scheme : Sphere—ring specimen. (1) Ball 12.7 mm diam. ; (2) plastic ring speci- 
men; (3) mandrel for fastening the specimen; (4) oil cup; (5) clamping chuck for ball; (6) torsional 
dynamometer. 
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A rubbing surface (0.2 mm wide) was pre-formed on each plastic ring specimen by 
pressing onto it a 12.7 mm diameter steel ball, pre-heated to 80-100° C under a load 
of 5-10 kg. 

The experiments were carried out at a constant load (60 kg/cm?). Thoroughly 
purified vaseline oil with 0.1% stearic acid added was used as a lubricant. The tem- 
perature of the oil bath was raised (by intervals of 10°-20°C). The temperature of the 
oil was measured by means of a chromel—alumel thermocouple and controlled by an 
electron potentiometer. Tests lasted 1 min at any given temperature. The friction 
force was mechanically recorded in the course of testing. The width of the bearing 
surface was periodically measured by means of a microscope, but no significant changes 
were observed. The balls and ring specimens were degreased before the tests. 

A list of the plastics tested and some of their physical properties are given in Table I. 


TABLE I 


SOME PHYSICAL PROPERTIES OF THE PLASTICS 


Polyte- 
an Polyamides : Low pressure trafluoro- 
pissica) si IN polyethylene ethylene 
properties AK7 P 68 lactam (HD) (PTFE, 
fluoroplast 4) 
Specific weight (g/cm) 1.14 ite as 0.94 2.1-2.3 
Brinell hardness (kg/mm?) 15-18 14-15 10-12 — 3-4 
Melting point (°C) 240-243 220-230 210-220 130 = 
Coefficient of heat conductivity 
in cal/em sec °C X 104 — 7.5 6 7 5.9-6 
Coefficient of linear expansion 
in units (per 1°C Xx 105) IO-II IO-12 10-14 78.3 — 


The experimental results in Figs. 2-3 show the effect of temperature on the coeffi- 
cient of friction () for various plastics. In the case of polyamides, smooth sliding 
and slightly lower values of yz were observed as the temperature was raised to 70-100°C 
(Fig. 2). At higher temperatures increased, smooth sliding being maintained for 
polycaprolactam up to 105°C, for polyamide AK 7 up to 120°C and for polyamide P 68 
up to 130°C. When these critical temperatures were exceeded, sliding was no longer 


0.05 


Coefficient of friction 


te} 


O 
(a) DESO 7S OOn 125) 1208 175-2 
Temperature (°C) 


Fig. 2. Coefficient of friction as a function of temperature in friction of steel against polyamides ; 
(1) polyamide P 68; (2) polyamide AK 7; (3) polycaprolactam. 
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smooth, and there was a sharp increase in y, indicating destruction of the boundary 
layer of the lubricant and consequent metal-to-plastic contact. No such critical 
temperature was observed in friction between steel and polyethylene or polytetra- 
fluoroethylene (PTFE) (Fig. 3). 


Coefficient of friction 


fe) 
0 50 100 150 200 250 300 t° 
Temperature (°C) 


Fig. 3. Coefficient of friction as a function of temperature in friction of steel against polyethylene 
and PTFE; (1) PTFE; (2) low pressure polyethylene. 


In experiments with PTFE, smooth sliding and a constant low value of the co- 
efficient of friction were obtained up to 300°C (uw = 0.02). A slight increase in the 
coefficient of friction was recorded at the maximum test temperature (7 = 0.026 at 
S30 G). 

In the case of friction between polyamides and steel, the destruction of the boundary 
layer of the lubricant takes place at temperatures much lower than the softening point 
of the polyamide. The critical temperatures for vaseline oil containing 0.1% stearic 
acid in the case of friction between steel and polyamides P 68 and AK 7 are fairly close 
to the critical temperature for the same oil in friction between steel and steel (140°C). 
In the case of PTFE, however, « remained at a low constant value at temperatures 
up to 150 degrees higher than this critical temperature. With these two classes of 
plastic, the mechanism operating appears to be quite different. As is well known, 
fatty acids and other polar lubricants form stable oriented boundary layers on the 


TABLE II 


COEFFICIENTS OF FRICTION (MAXIMUM VALUES) AND THE NATURE OF SLIDING IN FRICTION BETWEEN 
PLASTICS WITHOUT LUBRICATION 


Friction of plastics Friction of plastic 
¢ against steel against plastic 
Plastic a 
Nature of Coefficient Nature of Coefficient 
sliding of friction sliding of friction 
FE 2 3 4 5 
Polyamide P 68 Irregular 0.61—0.65 Irregular 0.5 —0.6 
jumps jumps 
Polyamide AK 7 Irregular Irregular 
jumps 0.6 —0.64 jumps 0.45-0.56 
Polycaprolactam Irregular Irregular 
jumps 0.58—0.62 jumps 0.56-0.61 
Irregular 
Low pressure polyethylene (HD) Smooth O.11 jumps 0.35-0.4 
Polytetrafluoroethylene Smooth 0.05 Smooth 0.05 


(Fluoroplast-4) 
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surfaces of chemically active metals and, notably, on steel’. The presence of these 
layers considerably lowers the coefficient of friction when metal surfaces slide against 
one another under a load. No data are available on the formation of such oriented 
boundary layers by fatty acids on relatively inert plastics, such as are used in these 
experiments. 

Further experiments were carried out with the same machine, prolonging each run 
to 1 hour at room temperature, the load and rubbing speed being as before. 

Friction was measured between (i) plastic and hardened steel and (ii) plastic and 
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Fig. 4. Friction of steel against plastics without lubrication; (1) polyamide P 68; (2) polycapro- 
lactam; (3) polyamide AK 7; (4) low pressure polyethylene; (5) PTFE. 
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Fig. 5. Friction of plastics of the same kind without lubrication: (1) polycaprolactam; (2) polyamide 
P 68; (3) polyamide AK 7; (4) low pressure polyethylene; (5) PTFE. 


plastic. In the latter case, the upper specimen was a plastic hemisphere, 12.7 mm in 
diameter, (made by pressing round blanks in a special steel die). Before testing, the 
specimens were degreased with solvents. The experiments were conducted (a) without 
lubrication, (b) with vaseline oil (non-polar oil lubricant), and (c) with vaseline oil 


containing 0.1% stearic acid. 


Wear, 4 (1961) 300-310 


304 R. M. MATVEEVSKY 


The results of experiments without a lubricant are given in Table II and in Figs. 
4 and 5 showing as a function of time both for plastic-steel and plastic —plastic 
combinations. 

Polyamide -steel and polyamide—polyamide combinations gave high values of 
(0.5-0.6). Sliding in these tests was of an intermittent nature and friction fluctuated 
irregularly. Figs. 4 and 5 show only the maximum values of and intermittent sliding 
is indicated by hatching on the curves. 

The friction ofssteel against polyamide was greater than the friction of polyamide 
against polyamide. 

Unlubricated PTFE-steel and PTFE-PTFE combinations both give smooth 
sliding, and « was constant at the low value of 0.05. Comparatively low friction 
(uw = 0.11) and smooth sliding also resulted during friction of steel against polyethyl- 
ene. With polyethylene sliding on polyethylene, however, sliding was intermittent 
and friction was high (« up to 0.4). Typical tribograms showing changes in the co- 
efficient of friction in unlubricated runs with polycaprolactam and polyethylene are 
given in Figs. 6 and 7. 


Fig. 6. Tribograms during friction of polycaprolactam without lubrication: (a) against steel; 
(b) against a material of the same kind. 
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The results of experiments using polar and non-polar oil for lubrication are given 
in Table III and in Figs. 8 and g. The presence of a lubricant greatly reduces the 
friction in the case of every material tested. Results in the case of the steel-polyamide 
combination suggest that the polarity of the lubricant affects the nature of sliding and 
the magnitude of the coefficient of friction. Whereas lubrication with a non-polar oil 
(thoroughly purified vaseline oil) results in periodic-stick-slip lubrication with a polar 
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Fig. 7. Tribogram during friction of low pressure polyethylene without lubrication: (a) against 
steel; (b) against a material of the same kind. 


TABLE II 


VALUES OF THE COEFFICIENT OF FRICTION AND THE NATURE OF SLIDING IN FRICTION BETWEEN 
PLASTICS IN POLAR AND NON-POLAR OIL 


Friction of plastics 
against plastic 
of the same kind 


Friction of plastics 
against steel 


Sti il 
tes es Nature of Coefficient Nature of Coefficient 
sliding of friction sliding of friction 
I 2 3 4 5 6 
Polyamide P 68 Non-polar Stick-slip 0.03-0.115 Stick-slip 0.05—0.13 
Polar Smooth 0.05 Stick-slip 0.04—0.15 
Polyamide AK 7 Non-polar Stick-slip 0.03—0.12 Stick-slip 0.04-0.17 
Polar Smooth 0.062 Stick-slip 0.04-0.19 
Polyamide polycaprolactam Non-polar Stick-slip 0.03-0.16 Stick-slip 0.04-0.13 
Polar Smooth 0.074 Stick-slip 0.07—0.11 
Polyethylene HD Non-polar Smooth 0.035 Smooth 0.054 
Polar Smooth 0.033 Smooth 0.032 
Polytetrafluoroethylene Non-polar Smooth 0.02 Smooth 0.043 
Polar Smooth 0.02 Smooth 0.02 
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oil (the same vaseline oil with a 0.1% stearic acid admixture) produces smooth sliding 
and comparatively low and constant values of wu (Fig. 8). 

In the case of friction between steel and polyethylene or PTFE, the polarity of 
oil did not affect the coefficient of friction or the nature of sliding. The experiments 
resulted in smooth sliding and low values of the coefficient of friction (about 0.03 for 
polyethylene and 0.02 for PTFE). 

Somewhat different results were obtained in parallel experiments using plastic — 
plastic combinations. With polyamides, lubricated with either oil, sliding was inter- 
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Fig. 8. Friction of steel against plastics during lubrication with polar and non-polar oil. Non-polar 

vaseline oil: (1) polycaprolactam; (2) polyamide AK 7; (3) polyamide P 68. Polar vaseline oil 

(with a 0.1% stearic acid admixture); (4) polycaprolactam; (5) polyamide AK 7; (6) polyamide 

P 68; (7) low pressure polyethylene, with lubrication with polar and non-polar oil; (8) PTFE with 
polar and non-polar oil. 
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Fig. 9. Friction of plastics of the same kind during lubrication with polar and non-polar oil. 

(a) Vaseline oil: (1) polyamide AK 7; (2) polyamide P 68; (3) polycaprolactam; (4) low pressure 

polyethylene; (5) PTFE. (b) Vaseline oil + 0.1% stearic acid: (1) polyamide AK 7; (2) polyamide 
P 68; (3) polycaprolactam; (4) low pressure polyethylene; (5) PTFE. 


mittent. Fluctuations in friction with both oils were of the same type and of about 
the same magnitude as in the case of friction between steel and polyamides lubricated 
with a non-polar oil. Experiments with polyethylene and PTFE sliding on them- 
selves resulted in smooth sliding. The maximum coefficients of friction when polar 
oil was used was approximately half of that found in the case of non-polar oil; with 
polar oil the coefficients of friction were the same as in the case of friction of steel 
against these materials with the same polar oil (0.03 for polyethylene and 0.02 for 
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PTFE). Figs. 10 and 11 show typical tribograms obtained in experiments with poly- 
amide when polar and non-polar oil was used as lubricant. 

A possible mechanism for the frictional process operating in these experiments, 
based on the theory developed by BowpDEN AND TABor?, is as follows. 
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Fig. 10. Tribograms during friction of polyamide P 68 against steel: (a) Non-polar oil; (b) Polar oil. 


In friction of steel against plastics of the polyamide and polyethylene type, con- 
taining no fillers, hardened steel may be regarded as an absolutely rigid body in com- 
parison with the plastics in question. In this case the friction force is composed of 
two terms: (a) the force required to deform the surface layer of the plastic by the 
asperities of the surface of steel; (b) the force required to overcome adhesion between 
the steel and the plastic . 

Term (a) depends on the elasticity and plasticity of the plastic. The larger the real 
area of contact and the less lubricant and other impurities on the surfaces, the greater 
force (b) will be. 

Under conditions of unlubricated friction on steel, the two groups of plastics tested 
displayed differences in behaviour: (1) polyamides showed uneven sliding with ir- 
regular fluctuations of the friction; (2) polyethylene and PTFE exhibited smooth 
sliding with low and constant values of friction. The difference can probably be 
accounted for by the dissimilar capacity of the plastics to adhere to steel. 

In the plastics of the first group, showing high adhesion to steel, the formation and 
destruction of adhesion junctions between steel and the plastic over a comparatively 
large area of contact (about 5 mm? in these experiments) is a determining factor in 
the nature of friction. Owing to the large area of direct contact, high adhesion and 
deformation of the surface layer of the plastic, the friction force is great in this case. 
A redistribution of the load on the contact, resulting from the elastic attachment of 
the plastic specimen, the elasticity of the plastic itself and the plastic deformation 
of its surface layer, leads to irregular fluctuations of the friction force. The fluctua- 
tions are not of a periodic nature, since the rupture of some adhesion bridges is accom- 
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panied by the appearance of other junctions. Thus, the restoring force of the torsional 
dynamometer does not return the elastically fastened specimen to its initial position 


before new junctions are formed. ' we 
The resistance of the surface layer of the plastics to deformation by asperities on 


ae 

SLM 

7 
ELLA 


Fig. 11. Tribogram during friction of polyamide P 68 on polyamide P 68: (a) Non-polar oil; 
(b) Polar oil. 


the steel surface has a considerable effect on the magnitude of the friction force, but 
it cannot be the cause of its fluctuations. 

For the second group of plastics (polyethylene, fluoroplast) the nature of the fric- 
tion process is basically determined by the resistance to deformation of the surface 
layer by asperities on the steel surface, the adhesion of these plastics to steel being 
slight. Since the resistance to deformation for the plastics of this group is small owing 
to their high plasticity, the friction is low. 

The presence of a boundary lubricant (e.g., a non-polar oil) between the steel and 
the plastic reduces the total force of friction by decreasing the area of direct contact 
between the friction surfaces. At certain points the lubricant is penetrated by the 
surface asperities and here adhesion of the plastic to the steel occurs. If the adhesion 
is strong the contribution to the friction will be relatively large (e.g., a coefficient of 
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friction of about 0.2 with non-polar oils). Nevertheless, when the adhesion bridges 
break as the specimens rotate, the restoring force of the dynamometer spring manages 
to return the specimen to its initial position, since the formation of new regions of 
adhesion requires a certain time in which the lubricant can be displaced from the sur- 
face of contact. The appearance of new adhesion junction bridges causes a new increase 
in the friction force. This process recurs periodically. Friction of such a nature was 
observed in the case of polyamides when a non-polar oil was used for lubrication. 

If the plastic exhibits small adhesion to steel, the presence of a polar liquid reduces 
the total friction force. This is probably mainly due to a reduction in the area of direct 
contact between the plastic and the steel. The process of friction occurs in this case 
smoothly, without intermittent changes in the friction force. 

When oil containing a polar additive (for instance, stearic acid), which forms stable 
oriented boundary layers on the surface of the steel, is used, direct contact between 
the plastic and steel is impeded, and friction takes place, mainly between the boundary 
layer of oil and the surface of the plastic. Local rupture of the boundary layer, 
accompanied by the formation of adhesion junction bridges, may occur but it cannot 
substantially affect the nature of friction. In this case smooth sliding, with low and 
practically constant values of the force of friction is obtained with the polyamide. 
Similar results are obtained with polyethylene and PTFE, but since the intrinsic 
adhesion of these materials is so small the friction is essentially the same whether 
a polar additive is present or not. 

The mechanism of friction when both specimens are of the same plastic material, 
as well as in the case of friction between plastic and steel, is determined by their 
capacity for adhesion and their resistance to elastic and plastic deformations under 
load. The difference lies in the fact that in friction of plastic against plastic the defor- 
mation of the plastic by the asperities of the steel surface is replaced by the mechanical 
interlocking of the asperities of the two interacting plastic surfaces. Adhesion, or 
autoadhesion in the case of plastics of the same kind‘, should likewise exert a con- 
siderable influence on the nature of the process of friction. 

In the case of dry friction, uneven sliding with irregular fluctuations of the friction 
force occurs with all plastics, with the exception of fluoroplast-4, probably on account 
of the high autoadhesion of these materials. Irregular fluctuations of the friction force 
result from the same causes as in the friction of plastics of the first group on steel 
without lubrication. The maximum values of the coefficient are somewhat smaller 
than those obtained on steel, but the difference is not large. With fluoroplast-4, the 
friction is essentially the same whether it slides on itself or on steel. 

In the presence of a lubricant, the smaller force of friction with polyamide on 
polyamide is caused by the reduction in the real area of contact, while the intermittent 
change in friction is determined by the appearance of autoadhesion bridges at the 
regions of direct contact where the asperities penetrate the lubricant film. The absence 
of the effect of polarity of the lubricant found with plastic—plastic combinations 
appears to be related to the fact that fatty acids do not form an oriented boundary 
layer on the surface of the polyamide as it does on steel. 

In the case of lubricated sliding of polyethylene against polyethylene and fluoro- 
plast-4 against fluoroplast-4 (as well as in the case of these plastics against steel), 
the reduction in friction is probably due to a reduction in the area of true contact 
between the surfaces. There is, however, one set of observations that is not easy to 
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explain: with polyethylene and fluoroplast-4 sliding on themselves in the presence 
of a lubricant, a polar additive produces a much greater reduction in friction than 
a non-polar lubricant; no such difference is observed if one of the sliding pair is of 
steel. Further research is required to elucidate this problem, in particular a physico- 
chemical study to determine the possible formation of oriented boundary layers of 
fatty acids on plastics. 
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SUMMARY 


Metals, plastics and ceramics have been abraded under standard conditions by fresh carborundum 
paper and their rates of wear have been measured. It is found that brittle materials such as glass 
wear faster than metals of similar hardness. Extensible materials such as rubber and nylon are 
abraded more slowly than moderately hard metals. Undrawn nylon bristle was abraded at half 
the rate of drawn nylon bristle. 


INTRODUCTION 


It is useful to measure the resistance of materials to wear by carborundum paper 
because the wear mechanism is one of genuine abrasion. The soft material is ploughed 
out by the hard, sharp edges of the carborundum. Experiments on this topic have 
been made by SPURR AND NEWcoMB!, KHRUSCHOV, GERMANS? and AVIENT, GODDARD 
AND WILMAN4. 

In these experiments a loaded slider carrying the specimen is pulled slowly and 
steadily over a fresh track on a piece of carborundum paper. The wear is measured 
by noting the change in weight, or the change in dimensions of the specimen, and the 
resistance to abrasion is specified as the length of track traversed in order to remove 
a given amount of material. 

The experiments of SPURR AND NEWComB! indicated that resistance to wear was 
proportional to Young’s Modulus, for metals. 

The experiments of KHruscHov? indicated that the resistance to abrasion for pure 
metals was proportional to the hardness of the metal in its annealed state. He sug- 
gested that the real criterion for resistance to abrasion for metals is the maximum 
worked hardness, which appears to be proportional to the annealed hardness, and that 
the surface of any abraded material is in this worked state before being removed. 

The present work is an extension of the measurements to include a wider range of 
materials. 


EXPERIMENTAL 
Method 

The apparatus used was worked by hand and is sketched in Fig. 1. A light slider is 
loaded with weights W. The slider carries a piece of the specimen material and is so 
arranged as to balance about the specimen. The slider could be slowly and steadily 
pulled along by a long, light handle attached in such a way that the load on the spe- 
cimen was unaffected by the pulling force. The abrasive paper used in the first experi- 
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ments was “‘S.I.A. Silcarbopapier”’ grade 400 c, which was quite uniform from sheet to 
sheet and had a mean particle size of about 60 w. Pieces of this paper 27 cm long were 
fixed to the base block of the apparatus. In use, the slider was pulled along to the end, 
then lifted back to the beginning and pulled along again over a fresh track and so on. 
About 12 tracks were made side by side on each piece of paper. The wear, in units 


Specimen 


Carborundum 
paper 


Slowly pulled 
along by hand 


Fig. 1. Abrasion apparatus. 


of cm? x 10-6 was measured with a calibrated microscope, In the experiments at 
a load of 620 g the specimens were either: 

(a) Rectangular blocks 8 mm x 8 mm x 2 mm from which a corner at 45° was 
abraded (Fig. 2a). 

(b) Discs 3 cm diameter x 2 mm thick. These were abraded until a flat 8 mm or 
12 mm long appeared. The volume of the worn part was easy to calculate from meas- 
urements of the length of the flat (Fig. 2b). 


Thickness T 
> “B) 
Sin® = a 


Vol = 
s Vol relents 20)T 


wh 
2mr 
= hr? 
(a) (b) (c) 


Fig. 2. The shapes of the specimens and the volumes of the wear scars. 


(c) Occasionally the specimens took the form of cylindrical rods several centimetres 
long and 4 or 5 mm in diameter. These were slightly tilted from the vertical and 
abraded at a flat end until a sector was removed. The sector was allowed to wear 


until it occupied half the area of the face. It was then easy to approximate the abraded 
volume to the sector of a sphere (Fig. 2c). 
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In all the experiments, the wear scar for any particular specimen was usually 
measured after 1, 2, 4, 8 and 16 rubs and the slope of the wear—distance curve taken 
as the resistance to abrasion. Fig. 3 shows the graph for wear versus number of rubs 


-3 
Wear (crx10 ) 


fe) 4 8 12 16 


No. of rubs 


Fig. 3. Typical wear—distance relationship (cellulose acetate). 1 rub = 27 cm long; load = 620 g; 
grade 400 c paper. 


for one of the specimens, a block of cellulose acetate. The linearity of this graph shows 
that the abrasion is independent of the area of contact, since the area of contact 
increased as the wearing proceeded. 


Estimating the hardness of plastics 


The elastic extensibility of most plastics and rubbers is between 10 and 500 times 
greater than the elastic extensibility of metals. This makes it impossible to specify 
their hardness in an unambiguous way. When an indenter is pressed against a plastic, 
most of the load is resisted by elastic and viscoelastic forces. When the load is 
removed, the deformation tends to disappear. For this reason the apparent hardness 
of a plastic depends on the shape of the indenter and the time of loading. To correlate 


Soft chisel 


Bristle 


Glass 
plate 


Fig. 4. Testing bristles. 


abrasion resistance with hardness for plastics and rubbers therefore requires the hard- 
ness to be measured with the same carborundum paper used for the abrading, and with 
the same indentation times that occur in the abrading. It was not possible to do this. 
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A fairly crude estimate of the hardness of plastics and bristles can be made by 
testing them with a range of chisels made from lead, tin, soft solder, cadmium and 
other soft metals. This is the method used in the present work. The chisels can be 
matched against the sheets of plastic or the bristles quite easily and the hardness of 
the chisels can be measured in the usual way with a Vickers diamond. A hard bristle 
cannot be cut by a softer chisel but instead cuts a nick into the metal edge. A hard 
chisel, on the other hand, will cut through a softer bristle and suffer little damage 
itself (Fig. 4). ~ 

In a typical experiment on undrawn nylon bristle, the following results were 
obtained: 

Undrawn nylon: indents lead easily (4 kg/mm2), 

is equally indented by and indents a soft solder (9 kg/mm?), 

is moderately indented by a tin alloy (11 kg/mm?), 

is easily indented by Wood’s metal (13 kg/mm?). 
Thus the resistance to deformation of undrawn nylon is about the same as that of 
a metal whose hardness is 9 kg/mm?. 

Sometimes a sample cannot be obtained in bristle form and it is then tested in 
sheet form by trying to nick the edge of the sheet with the metal chisels. 

The results of applying these tests to a range of plastics are shown in Table I. 


TABLE I 
Hardness of the metal which 
Material and condition matches the material 
(kg/mm?) 
Perspex sheet 25 
Drawn nylon bristle 16 
Viscose bristle 13 
Undrawn polystyrene bristle 13 
Drawn polyethylene terephthalate bristle 12 
Drawn polypropylene bristle 9 
Undrawn nylon bristle 9 
Drawn polythene bristle 7 
Undrawn polypropylene bristle 6 
Polytetrafluorethylene sheet 4 


Results of abrasion tests 


Fig. 5 shows the experimental results at a load of 620 g. The resistance to abrasion 
of the materials is plotted against their hardness. The hardness of the extensible 
materials was estimated by the method just described and the hardness of the metals 
and ceramics was measured with a Vickers diamond. Only isotropic materials were 
tested for the graph of Fig. 5. The P.V.C. sample was a fairly soft, rubbery specimen; 
the polyurethane rubber was a fairly firm rubber. The poly 4-methyl pentene 1 was 
an experimental polymer which was very brittle. 

The results are scattered about a centre line, with all the brittle materials on one 
side and the extensible materials on the other. An extensible material resists abrasion 
more and a brittle material resists abrasion less than one would expect. For example, 
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nylon has an abrasion resistance equal to that of a much harder aluminium alloy. 
Antimony is three times harder than cadmium yet it was abraded more rapidly. It 


seems that the extensibility of a material should be taken into account when consider- 
ing its wear resistance. 
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Fig. 5. Resistance to abrasion vs. measured hardness. Various materials; load 620 g; grade 400 c 
paper. 


In some of the experiments the load necessary to pull the slider along was measured 
with a spring balance. The values of w, together with the observed wear rates are 
given in Table II. 


TABLE II 
nari (oo x xe-slomop task) ~~ of friction 
Pe EB: 38 oe 
P.V.C. 27 1.3 
Perspex 24 0.7 
Lead 21 ae 
Polythene 12 eG 
Nylon 9 0.6 
Polyurethane rubber 7 1.3 
Brass “6 Ate 


It seems that the two quantities are not related to one another. 
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The abrasion of drawn and undrawn nylon 

Since it appears that a material of high extensibility resists wear better, it is 
interesting to compare the abrasion resistance of 

Deformed by a metal of hardness 9 kg/mm? 

| Extensibility 500% 
Deformed by a metal of hardness 14 kg/mm? 
Extensibility ~25% 
Two pieces of nylon bristle 0.5 mm in diameter were obtained, one drawn and the 
the other undrawn. These were in turn bent round a circular support and gripped 
in the clip, sketched in Fig. 6, so that the outside of a small curved portion of the 
bristle could be abraded away. 


undrawn nylon 


with that of drawn nylon| 


Back 
plate Curved 
support Bristle 


parallel to perpendicular 
axis of bristle to axis of 
bristle 


Fig. 6. The support for the nylon bristle. 


The dimensions of the wear scar (Fig. 7) were measured with a low power microscope. 
From a knowledge of the curvature of the support, and the diameter of the bristle, 
the volume of the wear scar could be estimated from a measurement of its length 


Fe | it 


: f WH, Hee 
or smal d “OR 
R is radius of curved 
support 
2W «width of scar 
H = height of pyramid 
aa len th of scar 


Vol = 3R 


(a) Appearance of scar (b) Estimation of volurhe 


Fig. 7. Measuring the wear of the bristle. 


and breadth. The scar was assumed to approximate to a shallow pyramid, as shown 
in Fig. 7. The grip could be fixed so that the bristle was abraded either parallel to its 
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axis or perpendicular to it. The abradant used in this experiment was Oakey’s polishing 
paper, Grade 000, which had an estimated particle diameter of about 7 uw. The wear 


scar was measured after 2, 4, 8 and 12 rubs (each rub was 30 cm long) along the paper. 
The load on the slider was 70 g. 


Drawn bristle abraded 
perpendicular to axi 


Drawn bristle 
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Fig. 8. Abrasion of drawn and undrawn nylon. 


As is seen in Fig. 8, the undrawn bristle is about twice as resistant to abrasion as 
the drawn, whether the abrasion is parallel to the bristle axis or not. 


DISCUSSION 


It appears that there are some solid materials for which hardness alone will not de- 
scribe their resistance to abrasion. Extensible materials are abraded less, and brittle 
materials more, than metals of comparable hardness. 

Two possible sources of error in abrasion experiments have been considered by 
other authors. One is the clogging of the abrasive paper by the abraded material and 
the other is the transferring of carborundum particles to the soft surface of the speci- 
men to form an abrasion-resistant lap. PorGEss AND WiLman’ state that clogging 
takes place with lead at a load of 200 g on papers finer than 40 p particle size. Clogging 
of the paper does not seem to have a gross effect on the results discussed here because: 

(a) The wear tracks on the carborundum paper do not show clogging. 

(b) The volume available for clogging can be calculated and seems to be greater 
than the volume of material actually removed. 

As an example of (b), for 60 w paper and a track width of 2 mm (the conditions 
for the points in Fig. 5) the total volume of the carborundum particles, and the air 
spaces round them is 12,000: I10~® cm3/cm of track. Assuming one fifth of this is space 
available to be clogged up, then the available volume is 240 wcm3/cm. 

But at 600 g load, the observed wear rates vary from 0.1 wcm® to 50 wcm/cm of 
track. The available space is much more than the space required even in the worst 
case. Similar considerations apply to the results of Fig. 8. In the worst case the wear 
is 0.1 wcm3/cm whilst the available volume is 3 “#cm$/cm. 
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The second sort of error is discussed by AVIENT, GODDARD AND WILMAN?*. This is 
the formation of a lap of transferred carborundum particles in the surface of the 
abraded material. The effect is most severe with the softer metals. 

In the present experiments, the surface of each abraded specimen was examined 
with a microscope. For all the transparent materials which were tested and for brass 
also, any particles of carborundum on the abraded surface could be seen easily. In 
no case did the particles cover more than 0.5% of the surface. For lead and aluminium, 
the embedded particles could not be recognised against the deformed surface, but 
by scratching a glass plate with the specimen, it seemed that about 5% of the surface 
was covered with particles. 

The unexpectedly high resistance to abrasion of undrawn nylon (in comparison 
with drawn nylon) must be due to its high extensibility. The undrawn nylon can extend 
and flow round the abrasive particles rather than be torn by them. 
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Authors’ Abstracts 


Electrical Conduction in Solids. 


lil. The Contact of Iron Surfaces. 


J. A. GREENWOOD AND J. Harris - Proc. Roy. Soc. (London), A 257 (1960) 83-97; 
mo 1ies., I table, rr refs. 

Although the theoretical steady-state equilibrium relationship between potential and 
temperature in an electrically heated conductor has been established since the be- 
ginning of the century (KOHLRAUSCH, 1900) the important case in which equilibrium 
breaks down has until recently been overlooked. In part I (BOWDEN AND WILLIAMSON, 
1958) this was discussed experimentally with reference to gold contacts; in part II 
(GREENWOOD AND WILLIAMSON, 1958) it was shown theoretically that for suitable 
materials, equilibrium is possible only when the current is below a critical value. 
In the earlier experiments the metal contacts were free from contaminating films: 
this paper will describe the behaviour of iron surfaces which are contaminated by an 
oxide layer. It will be shown as before that conditions become unstable when the 
current is too large. 

Short pulses of current were passed through iron contacts. Currents below a critical 
size were found to have no effect; larger currents caused a growth of contact area and 
permanent decrease in contact resistance. When no contaminating films were present 
the product of the final contact resistance Ro and the current J was constant. For iron 
contacts coated with varying amounts of oxide it was found that, instead of remaining 
constant, [Ro increased steadily with the amount of contamination. The value ob- 
served for the cleanest contacts was close to the theoretical estimate for iron, while 
for badly contaminated ones it was two to three times as large. Experiments in which 
the length of the current pulse was varied demonstrate the dependence of the rate 
of heating on the contact area. Direct evidence for the unstable temperature rise is 
given by oscilloscope records of transient voltage across the contact during the passage 
of a current pulse. The observations are compared with a new theoretical estimate of 
the rate of temperature development in non-equilibrium conditions. 

(For abstracts of parts I and II see Wear, 2 (1958/59) 238-240.) 
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The Influence of Speed on Metallic Wear 


W. Hirst anp J. K. Lancaster — Proc. Roy. Soc. (London), A 259 (1960) 228-242; 
12 figs., 20 refs. 


The rate of wear of brass on hardened steel has been measured on a pin and ring 
apparatus over a very wide range of speeds (10-2 to 108 cm/sec). As speed increases 
the rate of wear first decreases to a minimum and then begins to increase again. 
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Radioactive tracer experiments show that over the whole range of speeds the mechan- 
ism of wear remains the same; the wear is of the ‘‘severe’’ type in which metallic 
debris is produced and a film of transferred brass is built up on the steel surface. The 
decrease in the rate of wear with speed at low speeds is shown to be due to a reduction 
in the number and in the size of brass fragments transferred to the steel. At high 
speeds, the number of fragments transferred continues to decrease and the observed 
increase in the rate of wear arises solely from an increase in the size of the fragments. 
This increase is due to softening of the brass by frictional heating and can be prevented 
by cooling the surfaces. 

A crossed-cylinders friction apparatus has been used to determine the cause of the 
observed variations in the rate of wear with speed. It is found that transfer of brass 
to the steel occurs when a local region of the brass surface has been deformed a critical 
number of times. This critical number increases with speed and in consequence the 
frequency of transfer is less at high speeds. Metallographic sections through brass 
surfaces show that an extensive pattern of strain develops beneath the surface and 
the rate of development is again less at high speeds. The fragments of brass which 
are transferred to the steel are platelets, and their thickness shows that they origi- 
nate from the region of greatest strain near to the surface. It is suggested that transfer 
occurs when the brass with this region has been weakened sufficiently by successive 
deformations. Transfer is not therefore equally probable at each local encounter be- 
tween surfaces; it depends upon the previous history of the surfaces and is less fre- 
quent at high speeds because more encounters are then required to develop the criti- 
cal state of strain. 
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Systematic Abstracts of Current Literature 


Selected from the literature and from Battelle Technical Review 1961 


1. DEFORMATION AND FRACTURE (no abstracts) 


2. FRICTION 


Oscillating Tangential Forces on Cylindrical 
Specimens in Contact at Displacements 
within the Region of No Gross Slip, 

R. V. Klint. ASLE Trans., 3 (2) (1960) 255- 
264; 11 figs., 2 tables, 16 refs. 

The effects of oscillating tangential forces on 
cylindrical specimens at relative displace- 
ments within the no-gross-slip region have 
been studied experimentally. It is shown that 
within the no-gross-slip region there is a 
well-defined region at the onset of tangential 
displacement within which a primarily elastic 
deformation is indicated. Energy dissipation 
studies indicate that in this region the behav- 
ior is essentially visco-elastic, confirming the 
results of published work. This “‘limit of 
elastic behavior’’ has been found and meas- 
ured for a number of metallic and non-me- 
tallic materials including diamond and plas- 
tics. At amplitudes below this limit no dis- 
cernable wear is observed, even after millions 
of cycles of rubbing. However, at larger 
amplitudes, wear is rapid and characteristic 
of fretting corrosion, especially above the 
gross slip amplitude. Values of elastic tangen- 
tial compliance at the limit of elastic behavior 
are determined which are in agreement with 
published theoretical work. 


A Note on the Influence of Elastic Com- 
pliance on Sliding Friction in Ball Bearings. 
K.L. Johnson. J. Basic Eng., (ASME, Trans. 
Ser. D), 82 (4) (1960) 899-900. 

Short discussion on effect of tangential com- 
pliance on the friction moment resisting the 
motion of a ball which is spinning while roll- 
ing. 


Theoretical and Experimental Investigations 
on the Pressure Loss in Pneumatic Convey- 
ors with Special Regard to the Influence of 
Friction and Weight of Materials to be 
Conveyed. (in German) 

E. Muschelknautz. VDI-Forschungsheft, 25 
(1959) 476 (32 pp.)- For detailed abstract see 
Appl. Mechanics Revs., 14 (1961) 160. 

The principal experimental section gives de- 
tailed observations of forces and velocities 


involved in the impact of granular solids on 
rotating metal disks. Friction coefficients are 
deduced for a number of particle and surface 
materials used in conveying practice. Finally, 
a wide range of published and unpublished 
measurements on the horizontal conveying of 
wheat, mine tailings, quartz, carborundum 
and glass-spheres is examined in the light of 
the foregoing. Friction factor and particle/gas 
velocity ratio are expressed in terms of Froude 
numbers based on gas and particle terminal 
velocities respectively. In general, two regimes 
can be distinguished; at large gas velocities, 
wall friction predominated and friction factor 
is fairly constant; at low gas velocities, gravity 
effects predominate and friction factor rises 
steeply. 


An Investigation of the Stressed State of the 
Surface Layers of Rubbing Bodies during 
Sliding with Change of Sign. (in Russian) 
K. V. Savitskii and Yu. P. Geraskevich. Fiz. 
Metal.i Metalloved. Akad. NaukS.S.S.R., 4 (3) 
(1957) 519-526; ref. Zhur. Mekh., no. 3 (1959); 
source Appl. Mechanics Revs., 4 (1961) 78. 
This is an investigation of the nature of the 
cold-hardening of the surface layers and the 
thermal stability of the deformed distortions 
which are observed in one-sided sign-changing 
friction of iron, copper, aluminium and dur- 
alumin samples. The microhardness of the 
samples was determined, toserveasa standard 
for the extent of hardening attributable to 
deformation. It was shown that the contact 
surfaces harden to a greater extent when the 
friction is in one direction than when the 
friction is variable in direction. This can be 
explained by the fact that some of the less 
stable deformation distortions are apt to level 
out. 


Friction Characteristics of Automatic Trans- 
mission Fluids as Related to Transmission 
Operation. 

Merrill L. Haviland and John J. Rodgers. 
Lubrication Eng., 17 (3) (1961) 110-117; 11 
figs., 1 table, 10 refs. 

Shift performance in automatic transmissions 
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has been found to be related to the frictional 
qualities of transmission fluids. This relation- 
ship has been studied in two types of ap- 
paratus: one a full-scale transmission set-up 
and the other a bench apparatus. 

In full-scale transmissions, fluids were evalu- 
ated with respect to shift performance, severi- 
ty of stick-slip, and oxidation resistance. 
Shift performance and severity of stick-slip 
were determined by analysis of recorded 
variables such as eutput shaft torque and 
engine speed as functions of time. By meas- 
uring fluid acidity periodically during each 
investigation an interrelationship between 


fluid oxidation resistance and stick-slip was 
found. 

In the bench apparatus, measurements of 
friction as a function of sliding speed were 
made with load and fluid temperature as 
parameters. These measurements were made 
not only with new fluids but also with fluids 
conditioned by transmission use. A correla- 
tion was found between fluid performance in 
a transmission and the friction characteristics 
determined in the bench apparatus. On the 
basis of the fluid friction characteristics per- 
tinent comments are made regarding the 
friction mechanism. 


3. LUBRICATION AND LUBRICANTS 


3.1. Lubrication 


Problems of Lubrication in Space. 

M. M. Freundlich and C. H. Hannan. Lubri- 
cation Eng., 7 (2) (Feb. 1961) 72-77; 7 figs., 
2 tables, 1 ref. 

With the aim of operating eventually small 
motors in space for a period of over a year, 
the authors have collected a large number of 
standard or experimental oils and greases and 
have tested them in three phases. In the first 
phase, they eliminated the lubricants with 
the highest evaporation rates in tests in a 
vacuum of 10-7? mm Hg. The fifteen best of 
these were finally tested as lubricants in R-2 
size bearings in motors operating at 4000 rev/ 
min in a vacuum of 10-5 mm Hg. After 1000 
hours of operation, an inspection of the dis- 
assembled bearings showed that several oils 
and oil and grease combinations had deterior- 
ated during these tests to such a slight extent 
that it can be assumed that they would have 
operated for a considerably longer time had 
the tests been continued. 


Gear Lubrication. Part I. (in German) 
Getriebeschmierung 

A. A. Bartel. VDI Zeitschrift, 103 (6) (1961) 
251-264; 12 figs., 5 tables, 91 refs. 

Survey on recent progress on the above field 
with special reference to gas lubrication and 
heavy duty liquid lubrication. A classification 
is given of different types of damage to gear- 
ing. 

Detailed discussions on the influence of 
pressure as related to structure of lubricating 
liquids. The practical consequences of present 
knowledge are reviewed. 


Effects of Fluid Film Pressure on Hydro- 
dynamic Lubrication. 

N. Tipei. ASLE Trans., 3 (2) (1960) 277-280; 
4 figs., 4 refs. 

The effect of pressure upon hydrodynamic 
lubrication is reflected by the variation of the 
density and viscosity of the lubricant. 
Proceeding from the function that relates 
density to pressure in the case of liquids, the 


author obtains the generalized differential 
equation of a variable z upon which pressure 
distribution, as well as other characteristics, 
depends. This equation isintegrated in the case 
of two-dimensional motion; as an application, 
the problem of plane surfaces and constant 
viscosity is discussed and it is shown that 
parameter K = 6 Vy 1/B ho2(h1/hga—1) has an 
important influence. 

For circular cylindrical surfaces, the density 
depends on an integral expression the solution 
of which is obtained by means of conventional 
graphical and numerical computations. 
Finally on the basis of the assumption that 
the viscosity also varies with pressure, a 
general method is given for solving the two- 
dimensional problem. 


Flow Properties of Lithium Stearate-Oil 
Model Greases as Functions of Soap Con- 
centration and Temperature. 

Walther H. Bauer, Alfred P. Finkelstein and 
Stephen E. Wiberley. ASLE Trams., 3 (2) 
(1960) 215-224; 11 figs., 3 tables, 13 refs. 
Lithium stearate—oil greases having 4, 8, and 
12% soap were prepared and flow properties 
of the greases were investigated, at 0.25 and 
37.8 °C. Flow data were obtained with a cone 
and plate viscometer equipped with automatic 
programming and recording of shear stress 
versus rate of shear, and of shear stress versus 
time at selected shear rates. Flow curves, 
shear stress versus shear rate, were obtained 
for an initial and a repeat 300-sec cycle of 
shear with maxima of 1520 sec-! and of 
15,200 sec~!. Flow curves were measured for 
highly worked samples, previously sheared at 
19,000 sec-! for 1000 sec. The rate of change 
of shearing stress required to maintain a 
constant rate of shear was measured at nine 
shear rates in the interval from 190 sec~-1 to 
19,000 sec-!. Similar flow measurements 
were made on greases containing stearic acid 
additives. Initial flow resistance, ascribed to 
soap structural elements, showed temperature 
and concentration dependence differing from 
that of the sheared soap, and was destroyed 
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by continued shear or addition of stearic acid. 
Flow resistance of the sheared samples was 
dependent on both the magnitude of the 
shear rate and the length of time of subjection 
to the shear. 


The Effect of Root Lubrication on the Damp- 
ing of Cantilever Beams. 

R. V. Klint and R. S. Owens. ASLE Trvans., 
3 (1) (1960) 149-156; 14 figs., 22 refs. 
Lubricating the root contact surfaces of a 
simple cantilever beam will increase the vi- 
bration damping of the beam. Experimental 
evidence is given for cantilever beams of cold- 
rolled steel, stainless steel, and brass, with 
contact surfaces dry and greased. 

Soft-metal platings as alternate lubricants 
were used, as suggested by the work of 
Bowden and Tabor. They are shown to pro- 
duce a significant increase in the damping of 
cantilever beams; and while this increase is 
not so great as for greased surfaces, their use 
appears. promising and worthy of further 
study for possible applications where grease 
cannot be used. 


3.2. Lubricants 


3.2.1. Liquid Lubricants 


Gear Lubrication in Inert Gas Atmospheres. 
B. B. Baber, C. W. Lawler, H. R. Smith, G. A. 
Beane and P. M. Ku. ASLE Tyrans., 3 (1) 
(1960) 142-148; 2 figs., 5 tables, 8 refs. 

An investigation was made of the effect of 
inert gas atmospheres on the gear load- 
carrying capacity of lubricants. The experi- 
ments were performed in two types of gear 
test machines, using case-hardened AMS-6260 
steel test gears. It was found that two mineral 
oils (a solvent-extracted turbine oil base stock 
and a USP grade white mineral oil), as well as 
the same oils fortified with different extreme- 
pressure additives, all exhibited a decided 
increase in load-carrying capacity when the 
gears were operated in an atmosphere of 
nitrogen or argon instead of air. On the other 
hand, the response of synthetic lubricants was 
not found to be necessarily similar. In fact, 
only one of the six synthetic fluids tested 
showed any significant increase in load- 
carrying capacity when the gears were oper- 
ated in a nitrogen atmosphere. 


The Contribution of Polymers to Oil Pro- 
perties Important to Engine Lubrication. 
S. M. Darling and J. M. Musselman. ASLE 
Trans., 3 (1) (1960) 134-141; 7 figs., 8 tables, 
30 refs. 

Correlation of friction horsepower with vis- 
cosity suggests that the controlling shear rates 
are 750,000 sec~! or more. Dispersing power 
is an added property built into some of the 
polymeric additives. Low duty field tests 
demonstrate the effectiveness of this dispers- 


ing power in redistributing the “sludge 
balance’’ to keep the engine contaminants in 
the oil and filter and not in the working parts 
of the engine. 


The Calculated Journal-Bearing Perform- 
ance of Polymer-Thickened Lubricants. 

H. H. Horowitz and F. E. Steidler. ASLE 
Tvans., 3 (1) (1960) 124-133 (incl. Appendix) ; 
7 figs., 5 tables, 9 refs. 

The journal-bearing performance of polymer- 
thickened oils, whose viscosity is a function 
of the shearing stress, has been calculated 
using a digital computer. Under isothermal 
conditions the polymer-thickened oils gave 
lower friction coefficients and smaller mini- 
mum clearances than mineral oils of the same 
low-shear viscosity. However, even at the 
highest speeds and loads the influence of the 
polymer was still felt. The polymer oil did not 
act like the low-viscosity base oil from which 
it was formulated. There were also small 
differences in the shape of the pressure dis- 
tribution, the attitude angle, oil flow rate and 
other parameters. When the temperature rise 
was taken into account, assuming adiabatic 
conditions, the higher viscosity index of the 
polymer oils tended to compensate for their 
“temporary viscosity loss’? so that at the 
highest loads the polymer oils did not give 
smaller minimum clearances than comparable 
mineral oils. 


Meta-linked Polyphenyl Ethers as High- 
Temperature Radiation-Resistant Lubri- 
cants. 

C. L. Mahoney, E. R. Barnum, W. W. Kerlin 
and K. J. Sax. ASLE Tvrans., 3 (1) (1960) 
83-92; 13 figs., 6 tables, ro refs. 
Meta-linked polypheny]l ethers show consider- 
able promise as high-temperature radiation- 
resistant lubricants. They are far superior to 
present-day products in oxidation, thermal 
and radiation stability, comparing favorably 
with the most stable aromatics such as poly- 
phenyls, aromatic silanes, etc. In contrast to 
other high-melting aromatic compounds, the 
ethers are liquids with superior viscosity— 
temperature properties and good lubrication 
characteristics as measured in laboratory rig 
tests. 

Although the polyphenyl ethers were devel- 
oped primarily to meet the requirements of 
future turbo-jet engines, their properties may 
also be suitable in other fields where extreme 
conditions of temperature and/or radiation are 
encountered. Suggested applications include 
hydraulic fluids and base stocks for greases. 


Modified Ethylene Polymers as Cold-Rolling 
Lubricants. 

M. Shamaiengar. Lubrication Eng., 17 (2) 
(Feb. 1961) 83-87; 2 figs., 4 tables, 16 refs. 
It was observed previously that, by retention 
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at elevated temperatures and pressures, 
ethylene yields lubricant base oils. Hydro- 
carbon oils derived from olefin-polymeriza- 
tion as well as from natural petroleum were 
catalytically processed with fats in an attempt 
to produce improved cold-rolling lubricants. 
E.P. characterization and evaluation in a 
laboratory mill indicates that these synthetic 
oils compare very well with more costly pro- 
prietary lubricants. 


~ 


3.2.2. E.P. and Solid Lubricants 


Antiwear and Extreme Pressure Additives 
for Greases. 

S. F. Calhoun. ASLE Trans., 3 (2) (1960) 208— 
214; 2 figs., 12 tables, 13 refs. 

Twenty-nine additives were evaluated for 
their antiwear and extreme pressure proper- 
ties when incorporated in various percentages 
in lithium soap—mineral oil greases. The per- 
centages of the principal antiwear and extre- 
me pressure-inducing elements: sulfur, chlor- 
ine, phosphorus and lead were determined. 
The most promising ones were further evalu- 
ated in commercial greases and in inorganic 
thickened diester greases. Evaluations were 
based upon the four-ball wear and EP, the 
Falex, and the Timken testers. 

Results indicate that phosphorus imparts 
antiwear properties, while sulfur, chlorine, 
and lead, give EP properties to greases. Com- 
binations of additives would enhance both 
properties. Increase in the additive concen- 
tration gave increased values to the results. 
The type of grease had an effect upon the 
efficiency of the additive, thus indicating the 
need to fit the additive to the type and in- 
tended use of the grease. 


High-Horsepower and High Torque Per- 
formance of EP Gear Lubricants. 

R. K. Nelson and L. J. Valentine. ASLE 
Tvans., 3 (2) (1960) 237-243; 5 figs., 2 tables. 
The results of dynamometer testing showed 
that lubricants conforming to the new Military 
L-2105 A were capable of withstanding con- 
tinuous high horsepower applications where 
relatively low torque was required, but were 
not able to compare favorably with the ex- 
treme pressure lubricants of the Military 
L-2105A specification with regard to contin- 
uous high torque applications. The gear- 
tooth surfaces on such tests with lubricants 
conforming to the new Military L-2105 A 
were severely scored, whereas the Military 
L-2105 A lubricants produced a satisfactory 
tooth condition under identical testing con- 
ditions. 


Evaluation of Long-Chain Phosphorus Com- 
pounds as Lubricity Additives. 

Louise F. Peale, Joseph Messina, Bernard 
Ackerman, Richard Sasin and Daniel Swern. 


ASLE Trans., 3 (1) (1960) 48-54; 2 figs., 4 
tables, 12 refs. 

2% and 5% blends of a series of new long- 
chain phosphates and phosphonates were 
examined for suitability as lubricity additives 
in bis-(2-ethylhexyl) sebacate and mineral oil. 
The most effective antiwear agents were 
diethyl stearoxyethyl-, dibuty! lauroxyethyl- 
and bis-(2-ethylhexyl) lauroxyethyl-phospho- 
nate and dibutyl lauroxypropyl phosphate, 
the most promising extreme pressure agents 
were bis-(2-ethylhexyl) lauroxyethyl-phos- 
phonate, diethyl oleoxyethyl, diethyl ole- 
oxybutyl, and dibutyl lauroxypropyl phos- 
phates. Coefficient of friction measurements 
using steel on steel varied from that of the 
base fluid to 0.04. The latter was obtained 
with dibutyl lauroxypropyl, diethyl oleoxy- 
ethyl, and diethyl oleoxybuty! phosphates. 
The lubricity properties of the long-chain 
phosphorus additives compare favorably with 
the values determined on presently used 
hypoid gear oils. 

The phosphorus derivatives also improved 
the oxidation stability of the diester but there 
appeared to be no improvement in rust pre- 
vention in either the sebacate or mineral oil. 


Lubrication of Solids at High Temperatures. 
Barry L. Mordike. ASLE Tyvans., 3 (1) (1960) 
110-115; 8 figs., 1 table, 7 refs. 

This paper deals with recent work applicable 
to the problems of high-temperature lubri- 
cation carried out in the Laboratory of Phy- 
sics and Chemistry of Solids, University of 
Cambridge, England. Three main aspects are 
considered: (a) friction of lamellar solids, (b) 
lubrication from the gas phase, (c) frictional 
properties of hard metals at high tempera- 
tures. 


A Solid Film Lubricant Composition for Use 
at High Sliding Velocities in Liquid Nitrogen. 
D. W. Wisander and R. L. Johnson. ASLE 
Trans., 3 (2) (1960) 225-231; 10 figs., 1 table, 
9 refs. 

Solid-lubricant-containing compositions can 
be of value as films and solid bodies for bear- 
ing and seal surfaces in low-temperature 
liquefied gases. An experimental composition 
including polytetrafluoroethylene (PTFE), an 
epoxy resin, and lithium-alumina-silicate was 
studied in friction, wear, and endurance expe- 
riments in liquid nitrogen (—320°F). This com- 
position was formulated to approximate the 
thermal expansion of metals used in cryo- 
genic systems. Hemisphere (3/16 in. radius) 
rider specimens were used and in most experi- 
ments the load was 1000 g. 

Films (0.005-in. thick) on disk specimens gave 
good endurance life, low rider wear, and de- 
sirable friction (f = 0.02-0.07). They func- 
tioned at a higher sliding velocity (no failure 
at 16,000 ft./min) with copper rider specimens 
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than with stainless steel riders (failure at 
9000 ft./min). 

Solid rider material of the experimental 
composition had good friction and wear pro- 
perties at sliding velocities above 4000 ft./ 
min. It is important to use the experimental 
composition with mating materials having 
good thermal conductivity. 


Investigation of Solid Film Lubricants and 
Sliding Contacts at Temperatures Above 
1000°F. 

M. B. Peterson. U.S. Atomic Energy Commis- 
sion, APEX-569, Feb. 1958 (Issued Aug. 
1960), 63 pp. 

An experimental investigation of solid film 
lubrication and high-temperature sliding 
contacts was conducted to choose those ma- 
terials that are most effective as high-temper- 
ature solid lubricants and also to study the 
sliding characteristics of materials at high 
temperatures. Studies were made of the sliding 
characteristics of metals, ceramics, and other 
materials that were developed. 


A Comparison of Lubricants and Coatings 
for Cold Extruding Titanium. 

Alvin M. Sabroff and Paul D. Frost. ASLE 
Trans., 3 (1) (1960) 61-68; 9 figs., 2 tables, 
3 refs. 

Investigations were conducted on a number 
of surface coatings and lubricants, both 
experimental and commercial, as part of an 
overall process development program on cold 


extrusion of solid and hollow titanium sha- 
pes. Materials were evaluated on the basis 
of surface finish and extrusion pressure in 
cold forward extrusion of unalloyed titanium 
billets 1} in. in diameter to solid round bars 
0.95 in. in diameter (60% reduction). 

A fluoride—phosphate chemical conversion 
coating proved to be most desirable from the 
standpoint of adherence, ease of application 
and cost. The effectiveness of the coating in 
reducing extrusion pressure and producing a 
good surface finish was dependent on the 
lubricant used. 

Various types and combinations of lubricants, 
including graphite, molybdenum disulfide, 
boron nitride, wax, soaps, polyalkylene glycol, 
and sulfochlorinated mineral oil were used in 
conjunction with the coating. The solid films, 
wax and soaps were both alone and suspended 
in several resin carriers. Of the various classes 
of materials, the solid-film lubricants pro- 
duced the best surface finishes on the extruded 
bars. From the standpoint of producing the 
best surface finish at the lowest extrusion 
pressure, the most effective lubricants were 
self-drying gum resin mixtures containing (a) 
10% graphite and (b) 5% graphite + 5% 
MoSz. With the combination of the fluoride— 
phosphate coating and these lubricants, 
hollow shapes of unalloyed titanium with sur- 
face finishes of from 30 to 60 win. were cold 
extruded at working pressures comparable 
with those for cold extruding similar steel 
shapes 


4. MACHINE PaRTS 


Milestones in the Life of an Automobile 
Engineer. 

W. M. Heynes. Chartered Mech. Eng., § (5) 
(May 1961) 306-311; 8 figs. 

Looking back over his career with a famous 
firm of motor manufacturers, the author dis- 
cusses various aspects of car and engine design 
and racing at Le Mans. 


The Influence of Longitudinal and Trans- 
verse Profile on the Load Capacity of Pivoted 
Pad Bearings. 

A. A. Raimondi. ASLE Trans., 3 (2) (1960) 
265-276 (incl. appendix); 21 figs., 9 refs. 

An extension of previous work on the effects 
of surface profile on the load capacity of 
pivoted pad thrust bearings. Numerical so- 
lutions are presented for a square pad having 
profiles consisting of (a) longitudinal curva- 
ture, (b) transverse curvature, and (c) a com- 
bination of (a) and (b). Improved load capa- 
city over the flat pad with optimum pivot 
location is found for some operating conditi- 
ons including the case of the centrally pivoted 
pad. 


Plastic Yielding and Vibrations of Rolling 
Element Bearings. 

Tibor Tallian, Olof G. Gustafsson and Harry 
O. Walp, ASLE Trans., 3 (2) (1960) 244-254; 
19 figs., 2 tables, 15 refs. 

A high degree of resistance to plastic deforma- 
tion at the contacts between rolling bodies 
and rings is required in bearings used for 
equipment that must be quiet-running. It is 
shown that, within practical bearing design 
limits, this resistance is primarily a function 
of material structure variables that affect the 
elastic limit. 

Hardness, as measured by Rockwell or Dia- 
mond Pyramid methodsisa primary variable, 
but in itself an inadequate measure of this re- 
sistance. A test method is described giving 
good correlation with conditions causing plas- 
tic deformation of bearings in applications. 
The effects of residual stress, surface condi- 
tions and contact configuration are discussed. 
It is shown that bearings with substantially 
improved resistance to plastic indentation are 
obtainable by the use of appropriate heat 
treatment. 
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The Performance of Heavily Loaded Oscil- 
lating Roller Bearings from 300 F to 600 F. 
W. A. Glaeser. ASLE Trans., 3 (2) (1960) 
203-207; 7 figs., 3 refs. 

Over 1000 roller bearings have been evaluated 
at elevated temperatures as oscillating bear- 
ings and load-life characteristics determined 
through statistical analysis of failure data. 
Operating temperatures of 300°F, 450°F and 
600°F were investigated. Bearing materials 
investigated included AISI 52100 steel, M-2 
tool steel and 440-C stainless steel. Grease 
lubrication was used. The bearing load range 


5. WEAR AND 
5.1. Materials at High Temperatures 


Mechanical Properties of Materials at High 
Temperature. 

A. 1. Smith. Chartered Mech. Eng., 8 (5) (May 
1961) 278-285; 5 figs., 87 refs. 

Efficiencies of nucelar reactors, rockets, tur- 
bines and many other types of plant depend 
on their maximum working temperatures; 
these, in turn, are limited by the strengths of 
materials at high temperatures and the de- 
velopment of temperature-resistant alloys. 
Some of the recent research work in Britain 
and abroad is reviewed in this specially con- 
tributed article. 


Sliding Characteristics of Metals at High 
Temperatures. 

M. B. Peterson, J. J. Florek and R. E. Lee. 
ASLE Trans., 3 (1) (1960) 101-115; 8 figs., 
Bete le 7, Lets: 

Friction tests were run with a number of 
metals sliding against themselves. With iron, 
copper, nickel, molybdenum and chromium, 
high friction and considerable surface damage 
resulted until a particular transition temper- 
ature was reached; above this temperature 
a considerable improvement in the sliding 
characteristics was observed. The transition 
temperature for the various metals was as 
follows: iron, 100—-200°F; copper, 400—500°F; 
nickel, 1200-1400°F; molybdenum 800-—g00° 
F; and chromium, 800—1100°F. This improve- 
ment was associated with the generation of 
oxide in the sliding track. When tested as 
lubricants a number of the metal oxides were 
effective in reducing friction and preventing 
surface damage. Since the softer oxides were 
the more effective it was hypothesized that 
metals which form these oxides would have 
the better sliding characteristics at high tem- 
peratures. The friction characteristics of 
alloys were compared with the frictional 
characteristics of the major constituents. 


Friction and Wear of Refractory Com- 
pounds. 
K. P. Zeman and L. F. Coffin, Jr. ASLE 
Tvans., 3 (2) (1960) 191-202; 17 figs., 3 tables, 
14 refs. 


included 250,000 p.s.i. to 500,000 p.s.i. max- 
imum Hertz stress. AISI 52100 steel prov- 
ed satisfactory for temperatures to 450°F. 
Tool steel (M-2) and 440-C stainless steel 
proved satisfactory for temperatures to 600°F. 
Although failure modes were predominantly 
by plastic deformation, wear and oxidation, 
failure distribution frequencies fit the Weibull 
distribution commonly used in bearing fatigue 
studies. Data scatter was less than that 
expected for continuously rotating ball 
bearings. 


WEAR RESISTANCE 


The sliding characteristics of the borides, 
carbides, nitrides, and silicides and oxides of 
several metals were investigated in air at 
temperatures up to 2000°F. Tests were of the 
crossed-cylinder type and friction and wear 
effects measured under repetitive sliding con- 
ditions. 

Correlation of the friction and wear charac- 
teristics with known or predicted solid solu- 
bility was only fair. High hardness coupled 
with low fracture strength and excessive 
brittleness of these materials produced frac- 
turing of asperities and abrasive wear before 
a true measure of the adhesion could be 
obtained. Oxidation products were found to 
provide some lubrication at elevated temper- 
atures, particularly the formation of BzO3 on 
carbide. None was effective, however, at 
room temperature. 


An Investigation of Seal Materials for 
High-Temperature Application. 

Raymond H. Baskey. ASLE Trans., 3 (1) 
(1960) 116-123; 7 figs., 3 tables, 8 refs. 
Novel rotating seal materials were developed 
by powder metallurgy techniques for poten- 
tial aircraft applications at high speeds and 
high temperatures. 

A systematic wear study without lubrication 
included several commercially available ma- 
terials and the following types of experimental 
materials: (a) pure refractory hard metals, (b) 
binary alloys of refractory hard metals 
bonded with nickel and, (c) ternary alloys of 
refractory hard metals bonded with nickel 
and infiltrated with silver. 

Two ternary alloys, containing nickel 
bonded WB or CrN and infiltrated with 
silver, showed superior wear qualities again 
either tool steel or a nickel—chromium-—iron 
alloy at a sliding speed of 29,000 ft./min under 
a 14 lb./in.? load and at ambient temperatures 
as high as 1300°F. A commercial titanium 
carbide composition showed excellent wear 
characteristics in contact with an identical 
composition at a sliding speed of 14,000 ft./ 
min under a 16 lb. /in.2 load and at an ambient 
temperature of 1050°F. 


Wear, 4 (1961) 321-330 


SYSTEMATIC ABSTRACTS 327 


The Influence of Silicon Additions on Fric- 
tion and Wear of Nickel Alloys at Temper- 
atures to 1000°F. 

Donald H. Buckley and Robert L. Johnson. 
ASLE Tyrans., 3 (1) (1960) 93-100; 12 figs., 
1 table, 11 refs. 

Small additions of silicon have considerable 
beneficial effect on performance on slider 
alloys. This effect has most frequently been 
attributed to increased hardness. The research 
reported was conducted to consider a hypo- 
thesis that the primary role of silicon in slider 
alloys is one of supporting the formation of 
protective surface films. 

Friction and wear data were obtained at 
temperatures from 75 to 1000°F with aseries 
of binary silicon—nickel alloys containing up 
to 10% silicon. Pertinent hot hardness, metal- 
lurgical and surface-film analysis data are 
included. Atmospheres used were air, mix- 
tures of oxygen and argon, a mixture of 
hydrogen and nitrogen, and a halogenated 
methane gas lubricant. 

The results show the role of silicon as a film 
former to be of great importance in success 
of silicon-containing alloys as slider materials 
for extreme temperatures. The range of vari- 
ables studied gave friction coefficients from 
0.05 to > 10.00 depending on film formation 
tendencies. Alloys with 5% or more silicon 
having a duplex structure showed the best 
results. Film formation resulted from surface 
reactions or the smearing of the softer phase 
from the alloys having duplex structure. 


Evaluation of Gear Materials Scoring at 
700°F. 

Earl G. Jackson, Charles F. Muench and 
Ernest H. Scott. ASLE Trans., 3 (1) (1960) 
69-82; 6 figs., 5 tables, 6 refs. 

The selection of materials for use in high 
Mach number aircraft gears requires consider- 
ation of high-temperature rubbing compatibi- 
lity. This program was designed to obtain 
bench test data on ten different materials for 
application as 700°F gear materials. Oils 
representing two major classes, silicone and 
mineral, were chosen for these tests. 

A new high-temperature tester patterned 
after the Kelley roll tester was designed and 
constructed. Scoring tests up to 1200 ft./min 
and up to 167,000 maximum Hertz stress 
were performed on 2.5 in. rolling disk speci- 
mens. Materials included high-speed tool 
steels and die steels, both nitrided and car- 
burized, and flame-plated titanium. 

The best material in score resistance depended 
on which oil was used. H-12 (vacuum-melted), 
nitrided was best with silicone, but M-1 rose 
from second with silicone to first with mineral 
oil. Except for this reversal on changing oils, 
the order of materials correlates fairly well 
with surface hardness. With through-hard- 
ened materials there was no reversal. 


Data are presented in the form of a calculated 
flash temperature parameter according to the 
modified Kelley— Blok equation. 


5.2. Wear Processes 


Extreme-Pressure Lubrication and Wear. 
The Influence of Contact Stress on Metallic 
Wear. 

A. Dorinson and VY. E. Broman. ASLE Trans., 
3 (2) (1960) 165-175; 14 figs., 4 tables, 5 refs. 
The wear of a steel pin terminating in a trun- 
cated 120° cone rubbing on the flat surface 
of a rotating disk was studied in relation to 
the initial contact stress. With white oil as 
the lubricant, three ranges of initial contact- 
stress were employed: 152,000—157,000 p.s.1., 
67,000—76,000 p.s.1. and 47,000 p.s.i. Typical 
time-dependent wear curves for the two 
higher pressure ranges were multistage in 
character, showing first a sharp rise in the 
amount of wear, then a levelling-off and final- 
ly a transition to rapid wear again. At 47,000 
p.s.i. initial contact stress, wear was a linear 
function of time. A compounded extreme- 
pressure lubricant was studied at 250,000 
p-s.i. and at 148,000-156,000 p.s.i. initial 
contact stress. The time-dependent course of 
wear in these cases showed only two stages: 
the initial sharp rise and the levelling-off. The 
significance of the early phases of an experi- 
ment on metallic wear with respect to the 
mechanism of extreme pressure lubrication is 
discussed. 


Extreme-Pressure Lubrication and Wear. 
The Influence of Rubbing Speed on Metallic 
Wear at Two Contact Pressures. 

A. Dorinson and V. E. Broman. ASLE Tvans., 
3 (2) (1960) 176-183; 9 figs., 2 tables, 4 refs. 
The wear of steel against steel lubricated with 
white oil was studied at two contact pressures, 
155,000 p.s.i. and 70,000 p.s.i., in the rubbing 
speed range 100-1000 ft./min. The time- 
dependent wear curves were multistage in 
character, showing first a sharp rise in the 
amount of wear, next a levelling-off and then 
transition to rapid wear again. Some of the 
curves had a second levelling-off phase. The 
data were examined also in terms of the dis- 
tance traversed at the various speeds. No 
clear-cut conclusions about the influence of 
rubbing speed was achieved by this latter 
method of treatment. It is shown on theoret- 
ical grounds that examination of the data 
with respect to time-dependence is the more 
revealing treatment. 

For the third paper in this series see Wear, 4 


(1961) 93. 


Bench Test of Cam and Tappet Wear in 
Additive Oils. 

E. H. Loeser. ASLE Trans., 3 (2) (1960) 184— 
190; 8 figs., 2 tables, 16 refs. 

Differences in the wear of automotive cams 
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and tappets were determined in a bench-type 
tester with a group of oils used earlier in an 
extensive field car study. The rate of wear 
in all oils decreased with running time, pro- 
viding scuff failure had not occurred. The 
incidence of scuff failure during the bench 
tests was similar to that in field cars. The 
wear of hardenable cast iron cams and tappets 
increased with the concentration of zinc 
dialkyl dithiophosphate. Cam wear was in- 
creased when barium>phenate was added to 
an oil and decreased when a sulfurized olefin 
was present. Neither of these additives af- 
fected tapped wear. These effects, with the 
exception of the increased wear in high con- 
centration zinc dithiophosphate oils, were too 
small to be significant in dynamometer and 
field car tests. However, the direction and 
magnitude of the zinc dithiophosphate effect 
was similar in the bench and field tests. 
Metallurgy and design factors were shown to 
have a major effect on valve train wear and 
must be controlled when the additive effects 
are being determined. 


Correlation of Cavitation Inception Data for 
a Centrifugal Pump Operating in Water and 
in Sodium—Potassium Alloy (Nak). 

A. G. Grindell. J. Basic Eng. (ASME Trans., 
Ser. D), 82 (4) (Dec. 1960) 821-828. 

The static head at pump suction at the time 
of cavitation inception was correlated for 
water and for 1500°F Nak on the basis of 
the differences of the vapor pressures of the 
two liquids. The difference between the vapor 
pressures, for the same conditions of pump 
speed and liquid flow, was added to the water- 
test cavitation inception value; this proved 
to be a good approximation to the experi- 
mental value found for cavitation inception 
with Nak. 


The Corrosion Protection Afforded to Air- 
craft Joints by Anti-Fretting Compounds. 
Part I. 

H. C. Davis and J. Houseman. (Royal Aircraft 
Establishment, Gt. Brit.) RAE Tech. Note 
Met./Phys. 329, September 1960. 8 pp. and 
illus. 

The results are given of tests on three anti- 


fretting compounds (pigmented varnish and 
molybdenum disulphide types) in bolted 
joints between links of steel and/or aluminum 
alloys. The joints were exposed to the sea- 
water spray and loaded in tension and com- 
pression periodically to induce a limited 
amount of fretting. All of the compounds 
proved equally effective in preventing corro- 
sion. 


An Investigation of High-Velocity Impact 
Cratering into Nonmetallic Targets and 
Correlation of Penetration Data for Me- 
tallic and Nonmetallic Targets. 

William H. Kinard and Rufus D. Collins, Jr. 
NASA Tech. Note D-726, February 1961. 31 
pp. OTS price, $1.00. 

The projectiles consisted of spheres with diam- 
eters ranging from 0.039 in. to 0.220 in., 
right circular cylinders having diameters of 
0.220 in. with length-to-diameter ratios of 1, 
and cone cylinders having diameters of 0.220 
in. with length-to-diameter ratios of 0.910. 
The resulting penetration data have been 
shown to be predicted by a modified pene- 
tration equation established from impacts of 
metal projectiles into metal targets. 


Rain Erosion. IV. An Assessment of Various 
Materials. 

R. B. King. (Royal Aircraft Establishment, 
Gt. Brit.) RAE Report Chem. 521, September 
1960. 25 pp. and illus. 

This report discusses the rain erosion resis- 
ance of materials tested since the publication 
of Report No. Chem. 510 and is a continuation 
of it. It includes results on laminates with and 
without protective coatings, coatings on 
metals, homogeneous materials, and a section 
on Britannia radome materials. The effects of 
varying the rate of rainfall, speed, and angle 
of impact are also discussed. The majority of 
tests were conducted at the standard con- 
ditions of 500 m.p.h. and 1 in./h rainfall, but 
others were included in the range 250 to 500 
m.p.h. and 1 to 3 in./h rainfall. The maximum 
erosion resistance was obtained with a sample 
of artificial sapphire which was undamaged 
after the equivalent of 25 hin r in./h rain at 
500 m.p.h. 


6. ANALYSIS AND TESTING 


Measuring the Oil Film Thickness in a 
Crankshaft Main Bearing of a V-8 Engine. 
W. D. Sims. Lubrication Eng., 17 (3) (1961) 
123-126; 8 figs., 2 tables, 3 refs. 

An experiment has been conducted whereby 
the thickness of the oil film on the loaded side 
of thecrankshaft bearing of an otherwise stan- 
dard automotive engine was measured. Obser- 
vations were made over a wide power range 
with oils of three widely differing viscosities. 
The observations indicated that the oil film 


thickness between the crankshaft and the 
loaded side of the bearings varied from 0.002 
in. at light load to approximately 0.0005 in. 
at full load and was essentially unaffected by 
the different viscosity oils. 
Theinstrumentation employed in the measure- 
ments of bearing oil film thickness (clearance 
on the loaded side of bearing) in an operating 
V-8 automotive engine is described and the 
significance of the measurements obtained is 
discussed. 
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The Development of a Test for Evaluating 
Grinding Fluids. 

R. D. Halverstadt. Lubrication Eng., 17 (3) 
(1961) 127-133; 16 figs., 4 tables, 3 refs. 
Evaluation of grinding oils is a difficult and 
uncertain process. Several methods were tried 
and a brief summary of each is reported 
herein. The paper briefly reports the results 
of several different approaches and concludes 
with recommendations for a _ simplified 
method. 


Two Measurement Techniques used in the 
Evaluation of Cutting Fluids. 

J. R. Muenger and N.C. Derby. ASLE Trans., 
3 (1) (1960) 55-60; Io figs., 1 table, 2 refs. 
Various criteria have been used in metal 
cutting operations to study the effectiveness 
of cutting fluids; for example, tool-life, wear, 
temperature and forces; work surface finish; 
and chip deformation. In each case a number 
of measurement methods may be employed. 
This paper describes two very simple means 
of measurement which have been found useful 
in cutting fluid research. The first is based 
on measurement of work surface finish in the 
direction of cut by determining the amount 
of pencil lead abraded by the surface under 
controlled conditions. The second is based on 
measurement of chip deformation by elec- 
trical resistance determination of chips from 
a known depth of cut. 


Testing Carbon for Seals and Bearings. 

R. R. Paxton and W. R. Shobert. Lubrication 
Eng., 77 (1) (1961) 27-33; 9 figs., 1 table, 
5 refs. 

A test method which has been of practical 
value in screening carbon—graphite materials 
for seals and bearings is described. Details 
of the relatively simple test stand are given. 
Typical experimental data are presented 
illustrating the use of this test stand to obtain 
performance data on one carbon-base ma- 
terial running non-lubricated. 


A Method for Studying the Effect of Extreme 
Pressure Additives on Rubbing Metal 
Surfaces. 

Allan A. Manteuffel and George Wolfram. 
ASLE Trans., 3 (2) (1960) 157-164; 14 figs., 
I table, 5 refs. 

Special attention was given to: (a) the chang- 
ing load conditions, (b) the changes in fric- 
tional force, (c) the effect of phosphate coating 
of the metal surface, and (d) the effect of 
different lubricant compositions. A modifica- 
tion of the Shell Four-ball EP Lubricant 
Tester has been made which permits auto- 
matic recording of a temperature—load curve 
which registers the temperature and frictional 


forces with either constant or changing load. 
The work has shown that as the load increases 
at a uniform rate, there may be drastic and 
sudden changes in lubricant temperature 
which depend on lubricant composition as 
well as on metal surface composition. 


Distribution of an EP Film on Wear Sur- 
faces. 

R. C. Wiquist, S. B. Twiss and E. H. Loeser. 
ASLE Trans., 3 (1) (1960) 40-47; 11 figs., 
2 tables, 7 refs. 

A new method has been developed for the 
determination of EP film components on 
irregularly-shaped wear surfaces. It entailed 
the use of data from radiotracer counting, 
autoradiographic analysis, densitometer trac- 
ings and numerical integration. The method 
has been applied in a study of the film formed 
on engine valve train parts run in an oil 
containing zinc dialkyl dithiophosphate 
tagged with radioactive sulfur. The technique 
is applicable to similar investigations with 
other additives. 

The result obtained showed not only how 
much film was formed on wear surfaces by the 
additive, but it also pin-pointed areas on the 
mating parts where the EP film concentrated. 
This type of information was not obtainable 
by other means. In runs made with a cam and 
tappet tester, the amount of sulfur film found 
on various valve train parts decreased in the 
following order; cam nose, center tappet area 
and cam flat. For the same area on the tappet, 
activity was greater for phosphate-coated 
parts than for untreated parts. Preliminary 
results indicated that it was possible to relate 
contact pressure experienced by the mating 
surfaces fairly precisely with the amount of 
EP film formed. 


Laboratory Evaluation of Automotive Gear 
Lubricants. 

S. R. Calish, Jr. Lubrication Eng., 17 (1) 
(1961) 14-23 (incl. appendix) ; 7 figs., 5 tables, 
8 refs. 

A series of laboratory tests which predict the 
service performance of automotive gear lubri- 
cants is described. The tests have been selected 
because of their correlation with service 
experience in heavy-duty equipment in the 
Western States. A comparison is made be- 
tween oils of the old MIL-L-2105 type and 
the new, high-activity MIL-L-o02105A oils. 
Laboratory test data are given for seven 
lubricants, all using the same base stock, and 
field experience with some of these oils is 
related. Test criteria are suggested for an 
outstanding multipurpose automotive gear 
lubricant. 


7. SURFACE TREATMENT AND FINISHING (no abstracts) 


Wear, 4 (1961) 321-330 


514A SS OC eS ST. Cl 


330 LITERATURE AND CURRENT EVENTS 


8. MACHINING AND TOOL WEAR 


New Developments in Metal Working. 
E. L. H. Bastian, I. Rozalsky and K. F. 
Schiermeier. Lubrication Eng., 17 (1) (1961) 
40-47; 1 fig., 4 tables, 43 refs. 
Lubricant properties of the metal interface 
and thickness of lubricant film may be more 
important than low friction. Cooling require- 
ments may exceed necessity for lubrication, 
depending on the surface chemistry. 
Many points in common are found between 
older and newer lubricants and methods of 
use, requiring appropriate interpretation of 
significance of surface-active constituents, 
particularly in boundary lubricants. Overall 
effectiveness of the fluid depends on net 
energies of attraction at interfaces where 
surface-activity is requisite, as in extrusion 
and drawing. 

In other methods of working, as in high- 


ical machining, fluids are used as energy- 
transfer media, dielectrics, electrolytes, hy- 
draulic and carrier vehicles. 


The Role of Friction in Metal Cutting. 

S. Kobayashi and E. G. Thomsen. J. Eng. 
Power (ASME Trans., Ser. B.), 82 (4) (1960) 

24. 

The experimental results for steel SAE 1112, 
at speeds up to roro fpm, reveal that friction 
under metal-cutting conditions on the rake 
face can be explained satisfactorily by a 
junction model with possible super-imposed 
general plastic flow above the junctions in 
accordance with the general rules of plastic 
deformation. The experimental results also 
reveal that the friction mechanism at the 
controlled flank-wear contact area is essenti- 
ally the same as that occurring at the tool 


energy forming, electrical discharge and chem- face. 
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Book Reviews 


Wear-Resistance and Fatigue Strength of Steel in Dependence on Conditions of Metal-Working and 
on Frictional Processes (Iznosostoikost’ i ustalostanya prochnost’ stali v zavisimosti ot uslovii 
obrabotki i protsessa treniya). D. A. Drarcor, Izdat Akad. Nauk. Ukr. S.S.R., Kiev, 1959; 
142 pp., 111 figs., 15 tables, 151 refs. 


The introduction stresses the importance of the structure, topography, and state of stress of the 
surface of machine elements as factors which determine wear-resistance and which depend on the 
details of the processes used to produce the parts. Under alternating stresses fatigue is also im- 
portant and is affected by the state of wear of the surfaces and by the chemical environment. 

Experiments are described on the structure and geometry of the surface produced by various 
turning operations. Steels of metastable (martensitic) structure give a distinctive ‘‘white layer’’ 
at the surface in high-speed machining operations. Experiments are described and a review is 
given concerning the machining process as a variable in determining the wear-resistance of sur- 
faces. 

Experiments are described also on the fatigue of steel in a rotating-beam test when the part 
of the beam under tensile stress is subjected to sliding or rolling friction. The endurance limit of 
the steel and the structure of the frictional surface were studied in dependence on variables which 
included the influence of oxidation, surface-active lubricants, surface finish, and the occurrence 
of seizure. The endurance limit could be increased by sliding or rolling friction (below a certain 
limit of surface stress) if in the process the surface finish was improved. Most of the other influences 
studied, and in particular the occurrence of frictional seizure on the stressed surface, tended to 
decrease the endurance limit. 

The author’s conclusions about wear-resistance are qualitative and prolix, and while they might 
be applied advantageously in specific practical problems, they are not generalized in a way that 
would be helpful to other research workers. The section on fatigue is more concise and deals with 
problems of considerable current interest; although the conclusions here go only a little beyond 
re-stating the fact that peening and burnishing processes improve the bending fatigue of shafts, 
the experimental details and the numerical results may be of interest to specialists. 


F.W.S. 
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Friction-Welding of Metals (Svarka metallov treniem) by V. I. VitL’, Mashgiz, Moscow, 1959; 
87 pp., 47 figs., 5 tables, 26 refs. 


A description is given of the friction-welding process, in which two parts are joined by pressing 
them together under axial force when in mutual rotation. The typical sequence of events is that 
initially boundary friction occurs; this is rapidly replaced by seizure and the friction rises to a 
maximum. The friction then decreases as intense plastic deformation occurs and the temperature 
rises — in the case of steel, to g00-1300°C. Finally, at a chosen instant the rotation is stopped 
and the parts are allowed to cool under the axial force. 

The advantages of the process are economy in energy, adaptability to automation, speed of 
operation and the quality of the weld. The disadvantages are limitations in the shape of the parts 
being joined, due to a need for a circular or annular interface and for a degree of symmetry in the 
flow of heat from the two sides of the interface. The diameters of parts currently friction-welded 
range from 3.5 to 200 mm. The process can be used widely when two similar metals are to be joined, 
but less widely for dissimilar metals: steel—copper welds require preheating of one part; welds 
of aluminum to steel and to copper are unsatisfactory. 

The book also reviews theories of contact, friction and seizure, and discusses the temperature 
dependence of the friction forces. The practical procedures for selecting the rotational speed, axial 
force and duration of the welding cycle are outlined. The final chapters describe a number of 
practical friction-welding machines and list problems requiring further study. 


For translation see abstracts, Wear, 4 (1961) 173. 
EWaSs 
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Lager- und Schmiertechnik insbesondere von Verbyennungsmotoren (Bearing and lubrication tech- 
nology with special reference to i.c. motors) by REINHOLD Kamps, with contributions on rolling 
bearing technology by Hans Perret, VDI-Verlag GMBH, Diisseldorf, 1957; 8 chapters, 364 pp. 
308 figs., 70 tables, 209 refs.; 24 X 7 cm; D.M. 38.—. 


This is a fascinating book written by experienced engineers of the famous Daimler-Benz A.G., 
Stuttgart. ; 

It isa “‘how we do it”’ story, in essence told to a young engineer entering the works. It is assumed 
that the reader has had a sound education in engineering and can absorb and adapt from this book 
the specialized knowledge necessary for the design of modern bearings. 

Half of the monograph is dedicated to information on sliding and rolling bearings; both materials 
and constructions are thoroughly reviewed with emphasis on the choice of materials. 

Then follows a valuable, more specialized section on bearings for i.c. engines, while the last 
part of the book, touching on other bearing and friction problems, is rather too short to be of 
real help to the novice. 

There are numerous references to practical experience from the D.-B. works and tables of 
hitherto unpublished data. Otherwise the treatment of materials and lubricants is based essentially 
on work of the British and American school, while the discussion of constructions refers more to 
original German work. 

The contributions by PERRET should be of interest to a wider circle of readers than is suggested 
by the title of the book. 

All interested in this field and with a sufficient command of German will find this low-priced 


monograph not only a richly illustrated collection of facts, but also a source of inspiration. 
G.Sa. 
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On Fractures Caused by Explosions and Impacts, JoHN S. RINEHART. Quarterly of the Colorado 
School of Mines, Vol. 55, No. 4, Colorado School of Mines, Golden, Colorado, October 1960; 155 pp., 


93 figs., 8 tables, 7 refs., $2.00. 


Professor Rinehart has recently summarized his findings on “‘The role of stress waves in the com- 
minution of brittle, rocklike materials’ in a contribution to an international Symposium ‘‘Stress 
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Wave Propagation in Materials”’ held at the Pennsylvania State University, 1959, and subsequent- 
ly published by Interscience Publishers, 1960. 

The monograph under review covers similar ground in greater detail. It is of particular value 
to those who intend to work in the same field and wish to become familiar with the mathematical 
and physical background. 

There are numerous illustrations to help the reader along through seven chapters on: Transient 
stress disturbances — Mathematics and physics of spalling — Some idealized spalling problems 
Effects of interfaces and laminations — The effects of body shape — Changes in the shape of 
a stress pulse — Transient disturbances and spalling in real materials. 

This reviewer was particularly impressed by the analysis of the changing shape of a travelling 
stress wave. ~ 

For workers interested in the field of wear the studies by RineHarT and his students are of 
significance in connection with spalling problems and also with cavitation. 

This inexpensive monograph should have the attention of many in the Age of Rockets. 

G.Sa. 
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Harotp CHaLk: born in Marlette, Mich., U.S.A.; graduate of University of Michigan with B.S. 
(1928) and M.S.E. (1929); employed since 1929 by Ethyl Corporation, where he is now staff 
engineer in the products application department. Experience in product development includes: 
oil additives in bench tests and in engines; fuel additives for anti-knock properties and durability 
characteristics; cutting-oil additives. [See p. 257] 


I-MinG FENG: (for biographical note see Wear, 3 (1960) 328. Dr. Feng is now with Esso Research 


and Engineering Company, Linden, N.J., U.S.A. [See p. 257, 269] 
R. M. Matveevsky: (for biographical note see Wear, 2 (1958/59) 328). [See p. 292, 300] 
A. SELwoop: (for biographical note see Wear, 3 (1960) 412). [See p. 311] 


G. V. VinoGRADOov: (for biographical note see Wear, 3 (1960) 328). [See p. 274] 
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SUMMARY 


Oscillating bearing wear characteristics have been studied under uni-directional steady load con- 
ditions using hardened steel pins and bushes. The results are applicable to roller chain and other 
machine elements employing steel-to-steel oscillating bearing elements. Preliminary friction meas- 
urements established that the bearings were operating in a region of mixed lubrication. The load 
capacity results indicated that a moderate difference in hardness associated with a smooth surface 
finish gave satisfactory seizure resistance. Minimum wear occurred for equal hardness of pin and 
bush, although the increase in wear as the hardness difference increased was small. An optimum 
clearance for minimum wear suggested a balance between surface contact and oil supply factors. 
In all cases it was found that smooth lapped finishes were less wear-resistant than ground finishes. 
Variation of maximum surface velocity in discrete steps indicated that low velocity increased the 
wear and, as the velocity was increased, wear diminished to a constant value. 


ZUSAMMENFASSUNG 


Die Abriebeigenschaften oszillierender Lager wurden an Hartstahlzapfen- und Biichsen und 
unter einwegigen Dauerbelastungszustanden untersucht. Die Ergebnisse sind auf Rollketten und 
andere Maschinenteile, in denen Stahl-gegen-Stahl-oszillierende Lagerelemente gebraucht werden, 
anwendbar. Vorlaufige Reibungsmessungen zeigen, dass die Lager im Gebiet der Mischreibung 
arbeiteten. Die Ergebnisse der Belastungsfahigkeit deuteten daraufhin, dass ein massiger Harte- 
unterschied zusammen mit einer glatten geschliffenen Oberflache einen befriedigenden Schutz 
gegen Fressen gewahrte. Der kleinste Abrieb wurde bei gleicher Harte des Zapfens und der 
Biichse erreicht, obgleich die Zunahme des Abriebs mit wachsendem Unterschied der Harten gering 
war. Ein optimaler Spielraum fiir kleinsten Abrieb weist auf einen Ausgleich zwischen Oberflachen- 
berithrung und Olzufuhrfaktoren. In allen Fallen wurde festgestellt, dass glatt geschliffene Ober- 
flachen weniger widerstandsfahig gegen Abrieb waren als rauhe. Bei diskontinuierliche Verande- 
rung der Héchstgeschwindigkeit ergab sich, dass der Abrieb bei niedriger Geschwindigkeit zunahm, 
bei erhéhter Geschwindigkeit jedoch abnahm, und schliesslich konstant wurde. 


INTRODUCTION 


Kinematic linkages of various types incorporate bearing elements which are subjected 
to oscillatory motion. The crank-and-rocker mechanism, the double-rocker mechanism 
and the roller transmission chain are well known machine elements which employ 
oscillating bearings. The oscillating bearing can operate in the regime of mixed lubri- 
cation and as a consequence the question of wear is of interest. In some mechanisms 
wear leads to loss of accuracy and in extreme cases the change in dimension produced 
by wear can reach the stage whereby the mechanism becomes operationally useless. 
For example, excessive wear of the pins and bushes of the roller chain can have a 
pronounced influence on the effectiveness of power transmission. 

The oscillating bearing can be classified according to the type of load application. 
The small-end connecting-rod bearing typifies the case of oscillatory motion and 
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dynamic load application. On the other hand, there are examples of uni-directional 
steady load application and oscillatory motion and the present paper is concerned with 
the study of the wear characteristics of a bearing of this type. 

Some previous experimental and theoretical studies have been concerned with the 
characteristics of oscillating bearings. SwirT! predicted on theoretical grounds that 
the oscillating bearing subjected to a uni-directional load component could not 
operate in the realm of full hydrodynamic lubrication. FoGG AND JAKEMAN? made an 
experimental investigation of the oscillating bearing in connection with the boundary 
friction properties of a variety of oils. The experiments in this instance were conducted 
with a hardened steel journal operating in a hardened steel bush which was provided 
with helical grooves. It was considered that the grooves assisted in reducing possible 
hydrodynamic effects, thus giving the boundary lubrication characteristics required 
for the experiments. In this work it was observed that the friction had a maximum 
value at the start of oscillation, and a minimum at mid-oscillation, at a time corre- 
sponding to maximum sliding velocity. In explanation of this behaviour it was pos- 
tulated that isolated, microscopic hydrodynamic “‘wedges’’ existed and these hydro- 
dynamic effects tended to increase as the velocity increased, thereby reducing friction. 
FoGG AND JAKEMAN concluded that mixed lubrication conditions prevailed through- 
out their work. 

Cote? studied the oscillating bearing using a glass bush which permitted visual 
examination of the lubrication conditions in the bearing. Under constant load con- 
ditions no hydrodynamic film was visible even at low loads. 

BARWELL, MILNE AND WEBBER’ investigated an oscillating bearing which was pro- 
vided with helical grooves. It was thought that the grooves assisted in maintaining oil 
supply under unfavourable conditions. It is of interest to note that this theory is in Op po- 
sition to the groove theory of Focc AND JAKEMAN. The friction measurements in 
the BARWELL et al. experiments exhibited considerable scatter, but it was found that 
the friction results were amenable to plotting against the conventional non-dimensional 
number Uy/P’, where U is the sliding velocity, P’ load per unit length and yp is 
absolute viscosity. Pressure measurements also served to confirm the presence of 
some hydrodynamic action. It was concluded from the work that there was evidence 
of hydrodynamic action, although the institution and maintenance of this form of 
lubrication was critically dependent on materials, geometry and lubricant properties. 

The work of BLOUNT AND DE GUERIN$ with dynamically loaded oscillating bearings 
indicated that the highest load-carrying capacities were obtained with smooth finishes 
and good bearing conformity. These workers were of the opinion that dynamic load 
application promoted hydrodynamic lubrication, although it was considered that the 
magnitude of the load was critical. 

NELSON AND GATCOMBE® observed three characteristic plots of friction with time 
for the oscillating bearing. These were: 

(I) a sinusoidal variation, 

(2) a constant value, 

(3) a friction characteristic which diminished at mid-stroke; this type of character- 
istic is in agreement with the results of FoGG AND JAKEMAN. 

More recently, GLAESER AND ALLEN? reported experimental results for grooved, 
grease-lubricated bearings subjected to oscillatory motion of +45 degrees amplitude 
at a frequency of 12 c/min. In these studies it was noted that steady load gave the 
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friction characteristic observed by FoGG AND JAKEMAN. Load reversal produced a 
similar friction curve, but the drop in friction at mid-oscillation was less pronounced. 
GLAESER AND ALLEN report some wear results for steel and aluminum bronze bear- 
ings. 

In summary of the previous work in this field, it can be concluded that the mixed 
lubrication condition appears to predominate for the uni-directionally loaded bearing and 
full hydrodynamic lubrication is difficult to achieve. A comparatively small amount 
of work has been concerned with wear characteristics of the oscillating bearing. 

In the present work ungrooved hardened steel bushes were used in conjunction with 
hardened steel pins in order to study the influence of hardness, sliding velocity, 
clearance and surface finish on the wear characteristics of the bearing. Friction and 
load capacity tests were also conducted. 


NOMENCLATURE 
CO sliding velocity 
load per unit bearing length 
absolute viscosity 
load 
Sommerfeld number = (D/c)? (uU/P) 
nominal bearing diameter 
diametral clearance 
load per unit area 
temperature rise 
mechanical equivalent of heat 
acceleration of gravity 
thermal conductivity 
coefficient of friction 
mean flow pressure 
load number (inverse of A) 
junction area 
rate of lubricant flow 
oil supply pressure 
eccentricity ratio 
bearing radius 
width of contact 
bearing length 
modulus of elasticity 


x 


=e 


Ref Sey SSS Se PO Ry Oh by IS 


EXPERIMENTAL 


Apparatus 

Wear research results are critically sensitive to experimental environment® and as a 
consequence some considerable attention must be given to the design and construction 
of suitable apparatus. The salient details of a typical test station in the apparatus 
developed for the research are illustrated in Fig. 1. The nut, rod and spring assembly 
(a) was used to load the bottom test bearing assembly which consisted of two outer 
bushes (b) and a single inner bush (c) with the three bushes operating on a single 
pin (d). The two outer bushes were loaded in opposition to the centre bush, thus giving 
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a compact system subject to minimum pin deflection. The magnitude of the load was 
assessed by measurement of the spring deflection. The use of identical outer test 
bushes gave a valuable check on experimental wear results. The complete test station 
assembly was supported by outboard bearings (e), and a linkage system (f) was used 
to oscillate the test pin. The complete machine consisted of six identical test stations 
of this type. A constant speed motor, vee-belt and gear system gave a frequency of 
oscillation of 8.4 c/sec. By adjustment of linkage ratios, the angle of oscillation could 
be varied in the range of 0 to 32.5 degrees. 
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Fig. 1. Section of a single station in the oscillating bearing test machine. 


Test specimens 


The steel bushes had a bore of # in. (19.05 mm) and were $ in. (12.7 mm) and r} in. 
(38.1 mm) long respectively. These dimensions corresponded to length—diameter 
ratios of 2.0 and 0.66. Central oil holes provided access for gravity-fed lubricant to — 
the unloaded side of the bushes. 

The pins and bushings were manufactured from an En35 (British Specification) 
steel which had suitable case-hardening characteristics. The chemical composition of 
the steel was: 0.20% C, 1.75% Ni, 0.30% Cr, 0.38% Mo, 0.19% Si, 0.016% Mn, 
OOI1AY PF: 

The nickel content of the steel reduced the possibility of non-uniformity in heat treat- 
ment and assisted in minimizing surface cracking defects during grinding. After rough 
machining the specimens were carburized at goo°C and air cooled; subsequently they 
were reheated to 850°C, and oil quenched. A hardness reduction was obtained for 


certain specimens by tempering. Finally, all specimens were precision ground to final 
dimensions. 
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Lubricant 


A plain mineral oil of SAE30 viscosity characteristics was used for the work. 


RESULTS 
Friction 


Early in the research program, the lubrication regime in which the bearings were 
operating was established by means of friction measurements. I} in. (38.1 mm) long 
bushes were used for the tests. A modified test station which had the outer bushes 
replaced by low friction ball bearings was used for the study. Friction torque was 
measured and the bearing temperature was determined by means of a thermocouple 
located near the working surfaces. 

In a typical case, the maximum sliding velocity was 4.68 in./sec (r1.9 cm/sec) and 
the clearance was 0.0015 in. (0.0381 mm). A friction versus A characteristic curve is 
illustrated by Fig. 2. The specification of A is given by the equation: 

tena 
c P 
where yw is absolute viscosity, U maximum sliding velocity, P load per unit area, C 
diametral clearance, and D nominal bearing diameter. 

At low A values a high coefficient of friction is apparent, but at large A values the 
curve tends to a minimum friction value of 0.17. The curve suggests that mixed 
lubrication tended to persist to high A values without the distinctive rise in friction 
which occurs in full hydrodynamic lubrication. However, A values larger than those 
investigated may show the rise in friction associated with hydrodynamic action. The 
results are in qualitative agreement with the results of BARWELL ef al.4. The friction 
curves exhibited the reduction in friction at mid-oscillation which had been previously 
observed by FoGG AND JAKEMAN?. 
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Fig. 2. Coefficient of friction versus (D/c)? 4U/P Fig. 3. Mean wear versus angular position. 


for oscillating bearing. 


Wear measurements 
A direct measurement technique utilizing a Watts Microptic Measuring Machine 
was evolved for the assessment of wear. Wear measurements were made at regular 
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angular intervals around the circumferences of the pins and bushings at axial posi- 
tions corresponding to the centre of the pin and bush combinations in each case. The 
results which follow (with the exception of wear distribution) are reported in terms 
of mean values, whereby the wear readings at discrete angular positions around the 
circumferences of the specimens were averaged. In this way, sole dependence was not 
given to a single reading and each of the mean wear figures reported represents the 
average of some sixty individual results. 


Wear distribution 

Typical wear distribution curves are shown by Fig. 3. It is to be noted that pin 
wear was low compared with bushing wear. During the oscillation, a given point on 
a moving pin was subjected to variable pressure, whereas an equivalent point on the 
stationary bush was under constant pressure, which tended to promote high bush 
wear. The curves also demonstrate the establishment of “local conformity’’ by the 
wear process. As wear progresses, local contact conditions are improved and the load 
is distributed over a larger area. 

It was found that initial wear was accomplished fairly rapidly and all the results 
reported later represent conditions at the end of 450,000 cycles, which was well 
within the secondary stage of wear. 


Load capacity 

The ultimate load capacity of the oscillating bearing is critical in applications where 
loads are extreme and the lubrication is defective. Ultimate load capacity or seizure 
can be classified as an extreme case of the surface damage associated with wear. 

Cleanliness of mating surfaces is a contributing factor in seizure; if a protective film 
of oil, boundary lubricant or oxide layer is maintained, then intimate metal-to-metal 
contact is prevented. However, under extreme conditions of load these protective 
layers can be destroyed, thus leaving the surfaces open to excessive local welding. 
BowbDEN AND TABOR? have shown by an approximate analysis that the local temper- 
ature rise 67 at a small circular contact region is given by: 


fUg/Wpa 
S 4 JtKeaoRy 
where g is acceleration of gravity, J the mechanical equivalent of heat, U sliding 
velocity, Ki and Ke thermal conductivities of contacting bodies, W load, f coefficient 
of friction, and f mean flow pressure of softer material. 

This equation is valid at low sliding velocities and thus at certain portions of the 
oscillating journal motion the equation is approximately applicable. It is evident from 
the equation that the junction temperature varies as /Wp. However, # can be con- 
sidered to be related to hardness and the relationship tends to suggest that high 
hardness will give a high temperature rise. Surfaces of dissimilar hardness will have 
a local temperature rise governed by the surface of lower hardness value. 

In the seizure process, it would appear that a number of other variables, apart from 
hardness and load are involved. Surface finish, clearance and lubricant viscosity must 
also be considered. Surface finish has some influence on the maintenance of full 
hydrodynamic lubrication!® and it is logical to suppose that microscopic surface 
geometry will affect the load capacity in the region of mixed lubrication. 
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: In the present work the influence on seizure of hardness and surface finish were 
investigated. Two test groups were studied using 14 in. (38.1 mm) long bushes. 
The relevant details of the specimens were as shown in Table I. 


TABLE I 
Hardne ifference 4 e 
Group test Specimen v. PH cA Maem A Clearance 
(20 kg) VPH (nin. CLA) Hees 
A (a) pin 351 402 22(56- 102A) 0.001(0.0254 mm) 
bush 753 
(b) pin 336 444 14(35 - 102A) 0.001(0.0254 mm) 
bush 780 
B (a) pin 818 25 25(64 - 102A) 0.001(0.0254 mm) 
bush 795 
(b) pin 7O1 6 15(38 - 102A) 0.001(0.0254 mm) 
bush 695 


1 Vickers Pyramid Hardness 
2 Centre-line-average reading 


GROUP A 
* SEIZURE 


+ 


(a)\4MICROINCHES 
Cin 


y 
(Biesncrowcnes Fig. 4. Group A load capacity tests. Pin softer 
C.L.A. than bush. Average difference in Vickers Pyra- 


XG 10 x an ra mid Hardness = 423. 


LOAD NO. 


Fig. 5. Group B load capacity tests. Pin harder 
than bush. Average difference in Vickers Pyra- 
TIME (MIN) mid Hardness = 15. 


The load capacity tests were conducted at a maximum sliding velocity of 5.36 in./ 
sec (13.6 cm/sec) which corresponded to an angle of oscillation of 32.5 degrees. The 
test frame was provided with high load-capacity bronze bushes in the outer forks 
and the inner r} in. (38.1 mm) long bushes were the test specimens. Bulk bearing 
temperatures were obtained by embedding a thermocouple 1/ 16 in. (1.6 mm) below 
the bush surface. In all experiments a one-half hour no-load running period preceded 
the seizure test in order to ensure initial steady state conditions. Following the initial 
period equal increments of load were applied in equal increments of time. 
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The results of the tests are shown by Figs. 4 and 5. The Load Number, L (inverse of 
Sommerfeld Number) has been plotted against time in these results. It is to be noted 
that the significance of hardness difference and surface finish could not be established 
until the results were plotted in terms of the Load Number, which takes into account 
bearing geometry, load, viscosity and sliding velocity. 

A comparison between Group A and B results shows that a greater difference in 
hardness between pin and bushing increased the seizure resistance. Group A(b) (soft 
pin) failed at an & value of 232, whereas the Group B(b) (hard pin) failed at an L 
value of 136. The final failure in the Group A experiments consisted of a series of small 
local seizures distributed over the surface. The Series B failures were characterized 
in each case by a single gross local seizure which penetrated into the sub-structure 
of the surface. It is suggested that the higher load capacity of the softer pins could be 
attributed to the formation of relatively weak surface junctions which failed at the 
pin surface without excessive local temperature rise. In the case of equal hardness 
of pin and bush, strong junctions were formed which tended to promote high temper- 
atures. The relationship between hardness and type of surface failure tends to confirm 
the temperature theory of BowpEN AND TABOR previously discussed. In general, it 
is to be concluded that the unequal hardness condition is to be preferred since it gave 
high load capacity which was coupled with relatively mild surface damage at final 
seizure. However, distinction between load capacity and wear resistance will be noted 
later in the paper. 

The influence of surface finish is also evident from the results and in all the seizure 
experiments it was apparent that the smoother initial finish gave improved load 
capacity. 

All the load capacity curves exhibit an interesting characteristic — a slow and uni- 
form increase at first, then a sharp rise “‘r’’ of short duration followed by another slow 
increase to the seizure point. It is thought that the rise “‘r’’ signified a minor seizure 
which stabilized for a period before the final failure, but the behaviour was not in- 
vestigated further. 


Hardness 


There is general agreement in the literature concerning the role of hardness in 
relation to the wear of metals and it can be concluded that high hardness imparts good 
wear resistance. 

The adhesion theory of BowpDEN AND TaBor?® provides a method of assessing the 
relationship between hardness and surface damage. By the adhesion theory, the true 
area of contact A between two surfaces varies according to the relationship 


A=W/p 


where W is the normal load and # is the mean flow pressure of the softer of the two 
materials. Accordingly, as the hardness increases, # increases and the true area of 
contact becomes smaller. 

As a consequence, it is to be expected that surface damage (wear or metal transfer) 
will vary more or less directly as hardness. In the case of steel surface, hardness is 
related to metallurgical structure and these two factors must be assessed together. 

In the present work it was of interest to determine the wear resistance of steel 
surfaces in relation to hardness and metallurgical condition. 
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The experimental conditions of the tests were: 


Length—diameter ratio 0.66 
Maximum sliding velocity _5.36 in./sec (13.6 cm/sec) 
Bearing load 200 Ib./in.? (14.1 kg/cm?) 
Average diametral clearance 0.001 in. (0.0254 mm) 
Average surface finish 24 win. C.L.A. (61 x 102A) 
60 T 
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Fig. 6. Mean wear versus difference in Vickers Fig. 7. Mean wear versus diametral clearance. 
Pyramid Hardness between pin and bush. 


Typical results are illustrated in Fig. 6, where mean total wear is plotted versus the 
difference in hardness between the pin and bush. The hardness difference is expressed 
in terms of difference in Vickers Pyramid Hardness (6 VPH). The equal hardness 
condition gave minimum wear although the increase in wear with increasing hardness 
difference is small until a value of 6 VPH = 200 is reached, whereupon the curve 
tends to rise somewhat more rapidly. A metallurgical examination of pin edge struc- 
tures demonstrated that the hardest pins possessed a martensitic structure with some 
evidence of grain boundary carbide. In the lower hardness ranges the grain boundary 
carbide was considerably more pronounced. These structures were considered to be 
normal for this type of steel. 

The load capacity experiments indicated that a hardness difference was desirable 
and the hardness results suggest that a great hardness difference is not acceptable 
since it produces a comparatively great increase in wear. 


Clearance 

Clearance is related to hydrodynamic action, rate of lubricant supply and contact 
conditions between a pin and bush. 

Obviously, an adequate oil supply is necessary for the maintenance of uniform mixed 
lubrication conditions. Constant flow of a lubricant also assists in removing abrasive 
wear debris from between the surfaces. Rate of lubricant flow, Q, for the case of the 
central oil hole is given in reference 11 by 


c3po 27y 


(1 + 1.57?)Tan-t 
344 £ 


OF 


where c is the radial clearance, po is the supply pressure, w is the absolute viscosity , 


Wear, 4 (1961) 333-344 


342 Cc. A. BROCKLEY 


7 is the eccentricity ratio, and y and L are the nominal bearing radius and length 
respectively. In the equation the clearance emerges as an important variable since 
it appears to the third power. 

Under conditions of mixed lubrication contact occurs at isolated surface asperities 
in a zone of contact determined by the bulk deformation of the surface material. In 
many internal contact design calculations, the projected area is used to predict aver- 
age bearing pressures. This procedure is open to certain objections since no recognition 
is given to the possible effects of clearance. The Hertz equations can give some guid- 
ance in predicting initial local contact conditions for relatively close-fitting bearing 
elements. Normally these equations are limited to small areas of contact, but their 
use in this case provides a somewhat more realistic assessment of initial contact 
conditions than the projected area calculations. After initial wear has established 
some measure of bearing conformity and a relatively large area of contact exists, 
the Hertz equations become less reliable and the projected area criterion is more 
accurate. 

The modified Hertz equation for width of contact 6 is 


where W is load in pounds, L bearing length, D nominal bearing diameter, C dia- 
metral clearance, and E modulus of elasticity. 

Hence, } varies inversely as yc and at small values of C the contact width becomes 
large. 

Experimental work was conducted to determine the change in wear produced by 
variation in clearance, with oil consumption being measured. In these experiments 
some of the clearances were large but these values were considered to be desirable 
in order to make a complete study of wear relationships. Consistent results were 
obtained and one typical test is reported. The experimental conditions in this case 
were: 


Length-diameter ratio 0.66 
Maximum sliding velocity 5.36 in./sec (13.6 cm/sec) 
Bearing load 600 Ib./in.? (42.3 kg/cm)?) 
Average hardness of 

pin and bush 810 VPH (20 kg) 
Average surface finish 13 win. C.L-A.. (33 * 102A) 


Figure 7 illustrates the wear—clearance relationship and Fig. 8 shows the actual 
oil consumption compared with a plot obtained from the oil flow equation. It is 
evident from the wear results that an optimum clearance condition exists at C = 
0,002 in. (0.051 mm). At a clearance less than 0.002 in. it can be postulated that the 
reduced clearance prohibited an adequate supply of lubricant so that wear tended to 
increase. At a diametral clearance of more than 0.002 in. the oil supply was adequate 
but the contact conditions were excessive (see modified Hertz equation), thus giving 
increased wear. With reference to oil supply (Fig. 8) the results suggest that the 
central oil hole equation underestimates the oil flow. 

It can be concluded that an optimum clearance for minimum wear exists for the 


oscillating bearing and that a balance must be achieved between lubricant supply 
and contact factors. 
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Surface finish 

The relationship between initial bearing surface finishes and wear was investigated 
in detail. For all other conditions being as nearly equal as it was possible to achieve, 
it was found that in all cases the smooth surfaces gave increased wear as compared 
with the rough finishes (approximately 25 win. C.L.A. (63  10?A)) which were ob- 
tained by grinding. The smooth finishes were in the range of 6 win. C.L.A. (15 x 107A) 
and were obtained by lapping. A detailed account of the surface finish results is 
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calculated values. 


beyond the scope of the present paper and will be reported later as part of a general 
study of surface finish in relation to wear. It is interesting to note that good wear 
resistance apparently requires a rough finish, whereas the seizure results indicated 
that a smooth finish gave the best results. 


Sliding velocity 

By alteration of the linkage ratio in the apparatus the maximum sliding velocity 
could be varied but this variation also produced a change in the angle of oscillation. 
However, in spite of this disadvantage, a set of experiments was devoted to the re- 
lationship between wear and maximum sliding velocity. The conditions of a typical 
experiment were: 


Length—diameter ratio 2.0 
Bearing load 400 Ib./in.? (28.2 kg/cm?) 
Average hardness of pin 
and bush 697 VPH (20 kg) 
Average surface finish 17 pin. C.L.A. (43 x 107A) 


Average diametral clearance 0.001 in. (0.0254 mm) 

The plot of mean wear versus maximum sliding velocity is depicted in Fig. 9. It is 
apparent that low sliding velocities gave high wear and that wear diminished to a 
constant value as the velocity increased. A similarity exists between these results 
and the friction results reported earlier in the paper. It is suggested that microscopic 
hydrodynamic effects also explain the wear behaviour under conditions of velocity 


variation. 
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CONCLUSIONS 


The wear characteristics of uni-directionally loaded oscillating bearings consisting 
of ungrooved, hardened steel pins and bushes have been investigated in some detail. 
The conclusions to be derived from the work are: 

(a) Friction evidence suggests that the tests were conducted under conditions of 
mixed lubrication and no evidence of full hydrodynamic lubrication was apparent. 

(b) Load capacity tests revealed that a difference in hardness between the bearing 
elements gave improved seizure resistance. The experiments also illustrated that 
smooth finishes are necessary for high load capacity. 

(c) Minimum wear occurred for equal hardness of pin and bush, but the increase 
in wear for greater hardness difference was small. For high load-capacity applications 
it is suggested that a moderate hardness difference is acceptable from wear consider- 
ations and that such a condition gives protection against seizure as cited in (b). 

(d) An optimum clearance for minimum wear was found and it was postulated that 
a balance existed between surface contact and oil supply factors. 

(e) Smooth lapped finishes were less wear-resistant than ground finishes. 

(f) Variation in the maximum velocity of sliding demonstrated that low velocity 
increased wear and that as velocity was increased, wear diminished to a constant 
value. 

It is considered that the work has clarified some of the important factors concerning 
this class of bearing. The results might perhaps be applied to the design of roller 
chain and other oscillating bearings which employ steel-to-steel elements. 
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SUMMARY 


Measurements have been made of the abrasive wear rates of metals being slid together while their 
interface was provided with copious amounts of powdered abrasive (3-body abrasion). The quanti- 
tative relations between the wear rates and time of sliding, material hardness and abrasive grain 
size were determined, and found to be similar to those prevailing during 2-body abrasion, 2.e., 
during the sliding of metals against abrasive-covered paper. The effects of moisture and of abrasive 
flow rate were investigated, and good reproducibility was found when these two variables were 
controlled. 

A simple quantitative expression for abrasive wear rate is developed, and the abrasive wear 
data of a number of earlier investigators is analysed in terms of this expression. Abrasive wear 
rates during 3-body abrasion are about ro times less than during 2-body abrasion, probably because 
the average loose abrasive grain spends 90% of its time rolling and only 10% ofits time abrading 
the sliding surfaces between which it is situated. 


INTRODUCTION 


A number of experiments have recently been carried out in which the abrasive wear 
rate of metals was determined. Thus, KHRUSCHOV AND BABICHEV!:2 have determined 
the wear rate of metals by pressing them against a rotating surface covered by abrasive 
paper, while SpurR AND NEwcomsB? have studied the abrasion of metals pressed 
against files, emery paper and roughened metal surfaces. Later, work along similar 
lines has been carried out by AVIENT, GODDARD AND WILMAN‘. These experimenters 
all measured the so-called 2-body abrasive wear rate — namely, the wear rate of a body 
sliding against a rough, harder body. The three-body abrasive wear situation, in 
which hard abrasive grains are introduced between smooth sliding surfaces, and 
remove material from each, has been studied by Toporov®. In view of the importance 
of the abrasive wear phenomenon, which determines the useful life of many sliding 
and rolling systems, it has seemed worthwhile extending this earlier work, in order 
to elucidate the laws of abrasive wear in as great detail as possible, and to determine 
the factors which limit the accuracy of abrasive wear determinations. 

The first question which had to be determined was that of the apparatus, whether 
it was to utilize a 2-body or a 3-body geometry. Good reproducibility has been re- 
ported with both arrangements, but it was decided to use the 3-body geometry be- 
cause it eliminates one variable, namely, the influence of the adhesive backing, which 
in the 2-body case fixes the position of the abrasive grains. Also, the observed wear 
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rates are about an order of magnitude lower in the 3-body case, which makes it 
possible that various delicate interaction factors could be more readily observed. 
Finally, there is the consideration that, in practice, most sliding systems which wear 
by abrasion do so in the presence of loose particles, rather than in the presence of 
rough, hard surfaces. 


APPARATUS 


The abrasive wear_apparatus (see Fig. 1) consists essentially of a vertically mounted 
loading cylinder which presses a stationary annular specimen against a rotating flat 


STOP 
BALL 

BUSHING 

ANNULAR 

WEAR SPECIMEN SLOT IN 
FLAT WEAR sit eae 
SPECIMEN 


Fig. 1. Schematic illustration of abrasive wearfmachine. 


plate, while abrasive particles pass through the space between the wearing surfaces. 
The loading cylinder is mounted in a ball bushing and is restrained so that it can 
move freely in a vertical direction but cannot rotate. To its bottom is attached a 
perforated plate which has a small ball protruding from the center of its bottom sur- 


Fig. 2. Appearance of abrasive wear specimens after a test. The top, annular specimen is to the left 
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face, and two small pins, directly opposed, mounted so as to protrude some distance 
from the center. Each annular wear specimen consists of a disc which has been 
machined so that an annular ring protrudes from the bottom face (Fig. 2); and, in 
addition, there are perforations through which the abrasive can pass. Also, there are 
holes in the top face of the annular wear specimen into which fit the pins protruding 
from the loading cylinder. 

The small ball on the bottom face of the loading cylinder presses the annular wear 
specimen against the rotating flat wear specimen. This allows the normal load to be 
equally distributed around the circumference, while the pins prevent rotation of the 
annular wear specimen. The flat plate wear specimen is secured on a rotating table, 
which is mounted in the chuck of an inverted drill press, and may be driven at one 
of a number of moderate rotational velocities. The abrasive grit is fed from an 
adjustable rate dispenser into the loading cylinder (Fig. 1). It then passes through 
the holes in the bottom plate of the cylinder, through the holes in the annular wear 
specimen, to the top surface of the flat wear specimen, and thence out through 
two diametrically opposed slots in the annular ring of the top wear specimen. 

During these tests, the load was kept in the range 0.5-1 kg, and the rotational 
speed was maintained at 40 rev/min. The wear was measured as a loss in weight of 
the specimens. 

RESULTS 
Effect of time of abrasion 


It was found that immediately after the start of a test there was a rather unrepro- 
ducible increase in weight of both specimens, representing abrasive grains picked up 
on the sliding surfaces. Thereafter, the wear rate became rather constant. For greatest 
accuracy, it was found necessary to run the specimens in, say for a few hours, then 
to weigh the specimens to the nearest 0.I mg, and to commence the actual wear test. 


Effect of hardness 
Initial tests were carried out on a series of metals. In these tests the same material 
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Fig. 3. Abrasive wear resistance of a number of metals plotted as a function of hardness. 
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was used as both top and bottom specimens, and the wear rate measured was the 
average loss in volume of the two specimens. From the measured weight loss we cal- 
culated the wear rate as the volume worn (cm?) divided by the load (g) and the sliding 
distance (cm). This wear rate can be expected to be fairly independent of load and 
sliding distance. The reciprocal of this quantity, which we may call the abrasive wear 
resistance, is plotted against hardness in Fig. 3, and it will be seen that the wear 
resistance is approximately proportional to the hardness of the metal. This result is 
in general agreement with the data obtained by earlier workers!»?:4 under 2-body 
conditions. 

The effect of using different metals as the top and bottom specimens is shown in 
Table I. Many other data of this type were obtained. 

It will be seen that each surface wears away essentially independently of the other 
one, which agrees with the observation of TopoRov®. However, it may be noted that 
when one of the two materials was a titanium alloy, the wear of the other material 
was greater than would otherwise have been the case. This effect is also shown in 
Table I. 


TABLE I 


ABRASIVE WEAR OF METALS (40 ju, 600 g, 1600 rev.) 


Materials Weight loss 
Average 
Top Bottom 
oad a meee specimen specimen (8) 
eee Heys (g) (g) 
Babbitt Babbitt 0.0779 0.0936 0.0858 
1020 Steel 1020 Steel 0.0022 0.0016 0.0019 
Babbitt 1020 Steel 0.0878 0.0024 
Copper Copper 0.0105 0.0107 0.0106 
Copper Titanium 0.0190 0.0012 
Bronze Bronze 0.0048 0.0052 0.0050 
Bronze Titanium 0.0088 0.0010 


Effect of abrasive particle size 


The effect was tried of keeping the sliding conditions constant but for a variation 
in the particle size of the abrasive. The results are shown in Fig. 4. It will be seen that 
the wear produced by the smaller grains is very small, but, thereafter, the wear rate 
becomes nearly independent of abrasive size. This result agrees with that of AVIENT, 
GODDARD AND WILMAN‘, and the position of the bend in our curve is essentially the 
same as that found by them. The value of the abrasive particle diameter at which 
full abrasive action occurs is of the same order of magnitude as the average diameter 
of loose wear particles of the sliding materials, obtained in the absence of abrasive 
particles (RABINOWIcz°). The presence of loose wear particles will lead to a separation 
of the surfaces equal to the wear particle diameter, and clearly, if the abrasive parti- 
cles are smaller than the wear particles, they will contact both surfaces only rarely, 
and effective abrasive action will be greatly hindered. 


Effect of various heat treatments 


An extensive series of tests was carried out on the abrasive wear resistance of various 
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bearing steels. These results are being presented separately (RABINOWICZ, DUNN AND 
RUSSELL’), but they are summarized in Fig. 5, which shows the abrasive wear resist- 
ance of three bearing steels as a function of hardness. The wear resistance appears 
to vary as a low power of the hardness. Indeed, for both 440-C and 52100, at hardnesses 
exceeding 600 kg/mm?, the wear resistance is either independent of hardness or 


WEAR RATE (10 '¢mg-cm ) 


ile) 20 50 100 200 
ABRASIVE GRAIN SIZE (microns) 
Fig. 4. Wear rate of metals as a function of abrasive grain size. @, Bronze on bronze; ©, steel on 
steel. 
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Fig. 5. Wear resistance as a function of hardness of three bearing steels which have been heat 


treated in various ways. 


varies as a negative power of hardness. 


, 52100; A, 440 C; @ M-50. 


The less wear-resistant M-50 varies linearly 


with hardness throughout its range. Detailed analysis shows that the wear resistance 
of many of the steels is a function of their elastic limit, as well as of their hardness. 
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Effect of moisture on abrasive wear 

While carrying out this series of tests, we discovered that tests carried out in the 
summer gave wear rates which were some 10-20% higher than those obtained in 
identical testing in the winter. It was felt that this might be due to the effect of water 
vapor, since the humidity of our laboratory air is much higher in summer than in 
winter. To study this possibility, our apparatus was moved into a humidity-controlled 
chamber: and a careful series of runs was made in which the humidity was varied. 
The results are shown in Fig. 6. It will be seen that humidity does have an effect, and 
that high humidity increases the wear rate by about 15 75. 

The closeness with which the experimental points lie on the line suggests that, when 
the humidity is controlled, abrasive wear data should be very reproducible (to within 
-+ 2%). When the humidity is not controlled, variations in the wear rate of 10 to 20% 
are possible. 
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Fig. 6. Wear rate as a function of humidity of M-50 steel tempered at 400°F. The arrows indicate 
the order of the tests. When the humidity was suddenly reduced, the abrasive grains were still 
moist, hence an abnormally high wear rate resulted. 


The mechanism by which the water vapor acts to affect the wear is elucidated by 
experiments in which various lubricating oils were applied to the sliding surfaces 
together with the abrasive. This increased the abrasive wear by factors of 2 to 4. 
The action of the lubricants appears to be that of flushing wear debris from the system 
more completely, thus increasing the effectiveness of the abrading action. It is known 
that water vapor can act as a lubricant on steel surfaces, although a poor one (KINGs- 
BURY AND RABINOWICZ') ; hence, its action is probably similar to that of the lubricat- 
ing oil, but on a reduced scale. 


Effect of changing the abrasive flow rate 


In the above experiments, a constant abrasive flow rate of 40 + 5 g/h was main- 
tained. In order to check whether this was necessary, experiments were carried out 
in which the flow rate was varied. The results are shown in Fig. 7, showing tests on 
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two different batches of aluminum oxide with the same specifications from the same 
manufacturer. Even greater differences were observed with batches from different 
manufacturers. Apparently, the batches differed somewhat in mechanical properties, 
perhaps in brittleness*. However, for the same abrasive material, the change in wear 
rate was found to be small for small changes of the abrasive flow rate. 

When tests were made in which abrasive grains were collected during one run and 
used during a second run, it was found that this did not change the wear rate signi- 
aa This fact explains why the wear rate is but little influenced by the abrasive 

ow rate. 
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Fig. 7. Wear rate as a function of grit feed rate. Note the different behavior of the different supplies 
of grit from the same manufacturer. Grit supplied by a different manufacturer gave even greater 
variations. 


DISCUSSION 


The data given above show the good accuracy and reproducibility which is associated 
with abrasive wear testing. It would appear that under closely controlled environ- 
mental conditions the abrasive wear rate can be measured with an experimental 
error of 2% or less, and this is of the same order of accuracy as that given by other 
mechanical strength measurements such as yield strength or hardness. Moreover, the 
conditions under which the material is measured —namely, under high normal com- 
pressive stresses with high shear stresses superposed, are closer to those of a typical 
sliding situation than are the conditions prevailing in a tensile test or a hardness test, 
so that the abrasive wear test would seem very suited to measuring a strength param- 
eter of materials to be used in evaluating their performance under sliding conditions. 


* We checked the particle size distribution of two batches of grit obtained from different manu- 
facturers which yielded wear rates differing by about 50% when tested on the same specimens. 
The difference in particle size distribution of these two batches was insignificant when considered 
along with results presented in Fig. 4. We feel that statistical differences in either shape or me- 
chanical properties of the abrasive are responsible for the observed effect. Also, two batches of 
abrasive from the same manufacturer which showed a greater difference in particle size distribu- 
tion than the aforementioned case did not yield more than a 10% difference in wear rates. 
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Russian practice has been to test simultaneously the wear resistance of the sample 
under investigation and that of a standard, and to quote only a relative abrasive 
wear rating. This procedure apparently compensates automatically for variation in 
humidity and in the quality of the abrasive and has much to recommend it. However, 
if these factors can be adequately controlled, our direct method of measurement is 
advantageous in that it is an absolute rather than a relative measurement ; and, hence 
following the law of the propagation of errors, its inherent accuracy is higher by a 
factor of two (consisting of one factor of 2 because we are averaging two surfaces, 
and another factor of /2 because the method is an absolute one, rather than a com- 
parison of the measured value with a standard which is itself subject to an error of 
comparable magnitude). 


A simple theory of abrasive wear 

It is possible to set up a simple model for the abrasive wear process which explains 
our experimental results. Suppose, for example, we assume that one abrasive frag- 
ment, for a distance Al, adheres to one surface and plows a groove through the other. 
If we assume that the fragment has sharp edges, we may suppose that the protruding 
part of the fragment approximates in shape to a circular cone of semi-angle @ (Fig. 8). 
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Fig. 8. Schematic illustration of a conically-ended abrasive grain which is removing material from 
a metal surface. 


If the load carried by the fragment is AW and the hardness is f, we have 
AW = pAA = arp (1) 
The volume AV swept out in sliding a distance A/ is given by 
AV = (rx)Al = v2 cot 6 Al (2) 
or 
AV/Al = AW cot 6/xp (3). 


The total wear is made up of a number of similar processes, so that 


dV/di = W (cot 6)/xp (4) 


where cot @ is the average cotangent of the angle of penetration of all the abrasive 
particles. 

This simple model suggests that the wear rate per unit length of sliding will be 
directly proportional to the load, and will vary inversely as the hardness of the 
surface, also that it will depend on the fragment shape. If, however, we assume that 
the protruding part of the fragment is rounded, rather than sharp, it may readily be 
shown that the wear rate will vary inversely as a power of hardness greater than one. 
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Equation 4 is so similar in form to ARCHARD’s 9 equation 
dV/d! = kW/3p (5) 


that for the sake of uniformity, it is convenient to use this latter form for abrasive wear 
calculations. The difference then is that, in ARCHARD’s equation for adhesive wear, 
the coefficient k is the non-dimensional probability, per contact, of forming a wear 
particle, while in the abrasive wear system, it represents the cotangent of the average 
angle of the abraders. 

We have calculated the abrasive wear coefficient k for the straight line of Fig. 3, 
and it has the value of 210-3. Table II shows the coefficients calculated from the 
wear data of other investigators. 


eA Ene 


ABRASIVE WEAR CONSTANTS 


Investigator Wear type Abrasive Size (u) Materials k(x 10-8) 
SPURR et al.? 2-body Files (shallow) — Many 180 
SPURR et al.3 2-body Emery paper 110 Many 150 
AVIENT et al.4 2-body Emery paper 40-150 Many 120 
Lopalo 2-body  AlgO3 grinding wheel 260 Steel 80 
KHRUSCHOV et al.! 2-body  Electrocorundum paper 80 Many 2 
SAMUELS?!1 2-body SiC paper 70 Brass 16 
Toporov® 3-body = AlsO3 150(?) Steel 6(?) 
RABINOWICZ ef al.7 3-body = AlzOz 80 Steel 4.5 
This paper 3-body AlsO3 40 Many 2 


From these data, it would appear that coefficients of wear in the two-body case 
are in the range 2: 10-1 to 2: 10-2, while in the three-body case they are about an order 
of magnitude smaller —namely, 10-2—10~%. Since there is nothing to suggest that the 
abrading geometry is different in the two cases, it seems that the abrasive grains in 
the 3-body case spend about 90% of the time rolling, thus producing no abrasive 
wear particles, and only about 10% of the time sliding and abrading the surfaces. 
This would explain the low coefficient of friction which we have measured during 
three-body abrasion—namely, / = 0.25, as against f = 0.60 for two-body abrasion. Also 
it would explain the high abrasive wear rate of metals against titanium in the three- 
body case (Table I). Titanium adheres well to various inorganic crystals; and, thus, 
an abrasive grain might readily spend 20% of its time adhering to a titanium surface 
and abrading the other surface, against an average on other metals of only 10%. 
Hence, the wear rate of the other surface would be doubled. 

Although most of the features of the abrasive wear process are simple and readily 
explained, one is quite mysterious —namely, the effect of hardening a metal or alloy 
on its abrasive wear rate. As KHRUSCHOV AND BABICHEV! showed, and our Fig. 5 
confirms, the effect of hardening a metal is to increase its abrasive wear resistance, but 
not in direct proportion to the increase in hardness, as demanded by egn. 4, but bya 
smaller factor. Probably there is no simple explanation of this effect, but we must 
consider a number of factors, all of which may play a part. Firstly, there is the factor 
of brittleness. If a material is hardened, it generally becomes more brittle; and, hence, 
there is the possibility that, during abrasion, a wear particle is produced which is 
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greater than the geometrical size of the wear groove. Indeed, we have observed very 
high wear rates of very hard, brittle, steel specimens. 
Then there is the factor of fatigue. Much of the subsurface deformation during 
abrasive wear is repetitive in nature; and, hence, a high fatigue strength of the ma- 
terial is helpful. Generally, the fatigue strength of metals increases as a fractional 
power of the hardness. ’ 
Thirdly, there is the matter of the indentation shape. TABoR!? shows that for 
annealed metals, the material displaced by a hardness indentation forms a raised hill 
above the original surface at a great distance from the indentation, while with har- 
dened metals the raised hill is formed very close to the indentation (Fig. 9). In the case 


ABRASIVE GRAIN ABRASIVE GRAIN 


HARDENED MATERIAL ANNEALED MATERIAL 


Fig. 9. Schematic illustration of the indentation of an abrasive grain into a hardened and an 
annealed material. 


of abrasive wear testing, and comparing indentations of equal size, this effect increases 
the volume which is abraded away in the case of hardened materials, as against that 
removed in the case of annealed materials. All these factors, and perhaps others, 
combine to produce the fractional increase of wear resistance with hardness of 
hardened metals. 


Practical uses of abrasive wear testing 


As we have stated above, it appears likely that abrasive wear testing can be used 
to determine a strength parameter of materials which will predict their performance 
under sliding conditions. At first sight, it might appear more logical to carry out — 
sliding experiments under adhesive rather than abrasive conditions, since this uses 
the materials themselves without the presence of a second phase, the abrasive. How- 
ever, this turns out to be impractical. Thus, Fig. ro plots the adhesive wear resistance 
against hardness of a series of metals, the data being obtained under conditions 
similar to those used for the abrasive wear tests, but with the abrasive omitted. The ~ 
results are very irregular, and for two reasons. Firstly, there is the fact that soft 
metals, e.g. lead, show low adhesive wear rates because the wear particles are trans- 
ferred to and fro between the sliding surfaces, and only rarely do they leave the 
system as loose particles, this behavior resulting from the large minimum size of the 
loose wear particles of soft metals (RABINOWICZ‘), Secondly, there is the influence of 
surface contamination and oxidation, which affects all the results severely, differently, 
and unreproducibly. 

It should be noted that both these effects are minimized during abrasive wear 
testing. Thus, the factor of the to-and-fro transfer of wear particles is eliminated if 
the abrasive particles used are as great or greater than the wear particles formed 
during abrasion, while the effects of surface contamination and oxidation are mini- 
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mized because wear particle formation is determined by the RSET! of interfaces 
within the sliding materials, rather than by interactions at their surfaces. 

The accuracy and reproducibility of abrasive wear testing then makes it possible 
to evaluate the importance of structural factors on the abrasive wear resistance of 
materials. It seems likely that these structural factors (grain sizes, alloy constituents, 
etc.) also influence the adhesive wear resistance of the materials, probably in a similar 
way; but, owing to experimental difficulties, their influence on adhesive wear cannot 
be directly determined. Thus abrasive, wear testing constitutes a tool for studying 
the suitability of materials for use under sliding conditions. 
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Fig. 10. Adhesive wear resistance of a number of metals plotted as a function of hardness (cf. 
Fig. 3). 
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SUMMARY 


Tyre wear at controlled slip, as realized by setting the wheels of a trailer at a slip angle, obeys the 
theoretically predicted square law dependence on the slip angle! if allowance is made for the 
effect of temperature and abrasion patterns®.? on the abrasion resistance of the tread compound. 
The temperature of the tyre surface and the intensity of the abrasion patterns increase with in- 
creasing slip angle; the severity dependence of the relative wear rating of any two types of tyre is 
largely due to differences in their temperature and abrasion pattern coefficients. This applies also 
to wear on wet roads. The order of magnitude of the absolute wear rates agrees well with the values 
calculated from the abrasion resistance of tread compounds and the mechanical properties of the 


tyre. 
ZUSAMMENFASSUNG 


Strassenversuche mit Reifen bei vorgegebenem Schlupf sind mit einem Anhanger ausgefiihrt 
worden, dessen Rader auf einen Schlupfwinkel eingestellt waren. Die Ergebnisse folgen der theo- 
retischen vorausgesagten quadratischen Abhangigkeit des Verschleisses vom Schlupfwinkel!, wenn 
man den Einfluss von Temperatur und Riffelformationen*®? auf den Abriebswiderstand der 
Laufflachenmischung beriicksichtigt. Der Temperaturanstieg der Reifenoberflache und die 
Intensitat der Riffelformationen steigen mit zunehmendem Schlupfwinkel an; die Abhangigkeit 
der relativen Verschleisszahlen zweier Reifentypen von der Beanspruchungsscharfe beruht zum 
grossten Teil auf Unterschieden der Temperatur- und Riffelkoeffizienten. Das trifft auch fiir den 
Verschleiss auf nassen Strassen zu. Die Gréssenordnung des absoluten Verschleisses stimmt gut 
mit den Werten iiberein, die man aus dem Abriebwiderstand der Laufflachenmisschung und den 
mechanischen Eigenschaften des Reifens errechnet. 


INTRODUCTION 


The wear of tyres is the result of abrasive processes brought about by the forces 
which act on the vehicle during service and produce slip. These forces originate, for 
example, from the rolling resistance of the tyres and from cross-winds but the inertial 
forces accompanying acceleration, braking and, especially, cornering are by far the 
most important reasons for the occurrence of slip. The instantaneous severity of 
wear thus fluctuates within wide limits, in addition to its overall dependence on the 
surface texture and geometry of the roads, on the meteorological conditions and on 
the driving habits of the user. Different tread materials are differently affected by 
these several factors, and conventionally determined road wear ratings do not allow 
detailed conclusions to be drawn with respect to the relative importance of any one of 
the factors as they refer to tyre wear under intentionally average conditions. It must 
also be borne in mind that the factors influencing road wear may not be independent 
of each other. For instance, the effect of a wet road surface on the rate of wear 
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cannot be separated from the consequences of increased care exercised by the driver 
in wet weather. 

Another and potentially more relevant difficulty arises from the lack of definition 
inherent in ordinary road test results when an attempt is made to interpret the data 
on the basis of experimental or theoretical laboratory findings in order to further the 
understanding of tyre wear. 

Road experiments have now been carried out in which the slip of tyres has been 
controlled. The results obtained in this case can be directly compared with theoretical 
predictions and, as will be shown, the influence of some of the other factors governing 
tyre wear can then be estimated. Constant slip has been realized by employing a 
two-wheeled trailer with the wheels set at a slip angle to the direction of travel. This 
type of slip occurs with self-propelled vehicles when traversing a curve so that the 
trailer wheels may be said to be continuously cornering. An incidental advantage of 
the method is that the wear per unit distance of travel is generally high and can be 
considerably varied by varying the slip angle. With large slip angles, it is possible to 
discern the effect of transient conditions such as rain of limited duration. 

The present paper gives an account of the results attained with this road instru- 
ment and discusses them in the light of recent views on tyre weart. 

A few experiments of a similar nature have previously been made by GEESINK AND 
PRAT? on the suggestion of one of the authors. 


EXPERIMENTAL EQUIPMENT AND PROCEDURE 


In order to maintain the same slip angle on both trailer wheels and to make the 
trailer run a straight course, the wheels must be symmetrically inclined to the axis of 
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Fig. 1. Diagrammatic sketch of the trailer and the pneumatic actuating equipment. 
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the trailer. This is, however, true only as long as the two tyres are identical in their 
properties. Unless stated to the contrary, the results given below have been obtained 
with similar tyres mounted on the two trailer wheels. This condition will be referred 
to as ‘equal slip”. 

The wheel planes can intersect either in front (‘‘toe-in’’) or at the rear (‘“‘toe-out’’) ; 
to produce even wear, the slip angle has been periodically changed from toe-in to 
toe-out and vice versa. The mechanical arrangement is shown diagrammatically in 
Fig. 1 with the wheels in the toe-in position. The wheels are pivoted on upright king- 
pins and carry steering arms operated by dual-action pneumatic cylinders. The stroke 
of these cylinders is limited, and the slip angle is determined, by exchangeable dis- 
tance pieces on the piston rods. The air pressure is sufficient to maintain the slip 
angle against the self-aligning torque of the tyres (there is no castor effect*) but 
electrical contacts, not shown in Fig. 1, have been installed which switch on tell- 
tale lamps when the pistons are in their limiting positions. The wheels can be kept 
at zero slip angle by pneumatically operated locking pins. 

Figure 2 is a photograph of the trailer. The wooden platform carrying the load is 
borne on springs, and its movement is damped by shock-absorbers. The natural fre- 
quency of the assembly is of the order of 2 sec}. 


ee 
Fig. 2. Photograph of the trailer. One mudguard has been removed. 


* The king pins of a motor vehicle are inclined, their axe i 

; Ss produced meeting the ground in 
front of the area of contact between tyre and road. This gives a self-aligning effect ete as with 
the front wheel of a bicycle, and similar to the behaviour of furniture castors. 
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All controls and the compressed air supply are in the towing vehicle. The operating 
conditions have been as follows: 


tyre size 6.40-13 
normal load per tyre 1030 lb. 
inflation pressure 30 Ib./sq.in. 
velocity 30 m.p.h. 
slip angle range 1°-4° 
distance between changes 

from toe-in to toe-out 0.75 miles 


The most critical adjustment is the slip angle because of the great slip dependence 
of wear (to be discussed presently). The accuracy is + 0.05° at any given setting. 

Wear has been measured at suitably spaced intervals, depending on the magnitude 
of the slip angle, by one or two methods: decrease in tread depth and weight loss. 
Tread depth measurements show considerable scatter, particularly when the grooves 
have become shallow, and a great number of readings are required for statistically 
significant averages. Weight measurements do not suffer from this disadvantage but 
care is necessary when cleaning the tyres, and a standardized method has been 
followed when doing this. No significant weight changes due to absorption or desorp- 
tion of water have been observed within time intervals comparable with the duration 
of an experiment. Most data have been obtained by weighing, but tread depth 
measurements have been made from time to time as checks and for the evaluation of 
the conversion factor relating weight-loss to tread-loss figures. 

Temperature measurements have been carried out en route at convenient stopping 
places about 8 miles apart. They comprised determinations of the ambient tempera- 
ture by means of an ordinary shielded thermometer, and of road surface and tyre 
surface temperatures with an “Ultrakust Elektron Thermometer’’*. This instrument 
has a probe of low thermal conductivity specially designed for surface temperature 
estimates of poor heat conductors. The tyre surface temperatures have been taken as 
soon as possible after stopping the trailer, the time lag amounting to less than one 
minute, but it has been found that the temperature changed very little during the 
first few minutes. 

Finally, a photographic record has been kept of any abrasion patterns generated 
on the tyre surfaces. 

Practically all test runs have been carried out along the following route: Welwyn 
Garden City-Baldock-Royston—Newmarket—Barton Mills (Suffolk), 62 miles in all. 
This route consists of typical “A” roads and carries moderately heavy traffic. 


RESULTS 
Slip dependence of tyre wear 
It has been shown theoretically! that at moderate slip the wear of a slipping wheel 
per unit distance of travel, W, should be given by eqn. e9) 
Wey-o fs? (1) 
where y is a material constant giving the abrasion of the tread material per unit 
energy dissipation which will be referred to as “abradibility’’, 9 is the resilience of the 


* Made by Ultrakust Geratebau and marketed by Headland Engineering Developments Ltd., 
London, S.E.1. 
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wheel and f is a stiffness factor which can be identified with the slope of the sideforce 
vs. slip-angle curve; s is the slip which, for the low values involved here is equal to 
the slip angle 9 (radians). 

Because of the square law dependence of wear on slip predicted by eqn. (1) the 
experimental results given in Figs. 3 and 4 have been plotted as function of the square of 


W(mm/1000 km) 


(a) 


| a 3 4 
SLIP ANGLE SLIF ANGLE 


Fig. 3. Wear vs. slip angle. (a) A, Avon Com- Fig. 4. Wear vs. slip angle, Vredestein natural 
mercial synthetic tyres; B, Avon Commercial rubber tyres. (a) E, filled with 50 p.p.h. HAF 
natural rubber tyres. (b) C, blend of 50:50 cis- black; F, filled with 50 p.p.h. ISAF black. (b) 
polybutadiene and natural rubber tread; D, G,Commercial Michelin-X natural rubber tyres; 
natural rubber control mix; C and D recapped H, natural rubber conventional tyres. 

on Avon carcases. 


the slip angle. Each graph is the result of a comparative series of experiments in which 
the two types of tyre referred to have been worn in alternating runs so as to have 
comparable ambient conditions. All data have been obtained on dry roads but the 
ambient temperature varied. The graphs show considerable deviations from the 
theoretical square law, the wear rates increasing more with increasing slip than 
expected. A closer examination reveals furthermore that the ratio between the wear 
rates of any two types of tyre depends on the slip angle. This is in qualitative agree- 
ment with the findings of several authors3:4-5 that the relative wear rating is a func- 
tion of the severity of service. 

It will be investigated now in how far the results in Figs. 3 and 4 and their deviations 
from theory can be accounted for by a temperature and slip dependence of the prop- 
erties of the tread. It is shown in Fig. 15 and in the APPENDIX that stiffness f and 
resilience g in eqn.(1) depend, for a given carcase construction, on the nature of the 


tread compound only in a minor degree. Attention will therefore be concentrated on 
variations of the abradibility y. 
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The slip dependence of the tyre surface temperature 


When discussing the effect of temperature on tyre wear, it is insufficient to relate 
the results to the ambient temperature because the temperature of the tyre surface 
depends markedly on the slip. This is illustrated by the curves in Fig. 5, where the 
temperature rise of the tyre surface above the road temperature has been plotted 
against the slip angle for a number of tyres. This way of presenting the data has been 
chosen because there may be considerable differences between road and air tempera- 
ture, particularly in sunny weather, and the tyre surface temperature may be ex- 
pected to follow the road rather than the air temperature. 

The increase of the tyre temperature with increasing slip demonstrated by Fig. 5 


Get. ) TG 


ie) 1 2 5) 


3 4 
SLIP ANGLE 


Fig. 5. Temperature rise of tyre surface /s above road temperature ¢, vs. slip angle. Code as in 
captions for Figs. 3 and 4. 


reflects the increase in power dissipation with increasing slip and represents therefore 
one aspect of the severity of service. If the abrasion factor y has a positive temperature 
coefficient, wear will increase with increasing slip over and above the value given by 
the simple square law of eqn. (I). For a quantitative analysis, the factor y will be 
related to the tyre surface temperature ts by means of a linear temperature coeffi- 
cient o: 

y = yo [t +a(%s—t)] (2) 


where ft, is a suitably chosen reference temperature. 


The effect of abrasion patterns 

The appearance of abrasion patterns on abraded rubber surfaces produces an 
increase in the rate of abrasion. This effect has been described in some detail for the 
case of laboratory abrasion®.’, and its influence on tyre wear has been treated in a 
qualitative manner’. The conditions under which abrasion patterns are generated are 
not properly understood, apart from limiting cases. They disappear, for example, 
in wet weather and tend to be intense in severe service. This is illustrated by the 
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Fig. 6. Abrasion patterns on natural rubber tyres at various slip angles. (Magn. 20 x) 
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photographs in Fig. 6, which show abrasion patterns on a natural rubber tyre at 
various slip angles. The explanation of the strong slip dependence of the pattern 
spacing evinced here, which is similar to laboratory results found by VIEHMANN®, 
lies most probably in the following fact. To produce a pattern, a certain minimum 
sliding distance must be attained. When the sliding distance increases with increasing 
slip angle, the spacing will, at first, still be limited before the amount of sliding has 
become so large that the pattern can develop to its full extent, as in continuous 
sliding. 

The contribution of abrasion patterns to the total wear will be assumed to be 
proportional to their spacing. This appears to be borne out by laboratory measure- 
ments! and may also be deduced from dimensional considerations. Pattern abrasion 
is due to bodily removal of part of the ridges constituting it. For geometrically 
similar patterns, pattern abrasion would therefore increase as the square of the 
spacing. However, the number of ridges per unit length is inversely proportional to 
the spacing; hence, pattern abrasion per unit area will be directly proportional to the 
spacing, as has been postulated above. Equation (2) requires now one more term and 
becomes 

y = volt +a(te—to) + BA] (3) 


where 4 is the pattern spacing and f, a material constant taken to be independent 
of temperature. 


The combined dependence of wear on slip, temperature and abrasion pattern 
After substitution for y from eqn. (3), eqn. (I) can be written as 


W/6? = K[t +o(ts—to) + BA] (4) 

with 
K = yoot 

Neither the temperature ¢s nor the spacing 4 are experimentally controlled so that the 
coefficients « and f in eqn. (4) have to be determined by an averaging process using 
the methods of statistics. The slip angle 6 is the most important factor and is likely 
to swamp the effect of differences in « and B. For this reason, a multiple regression of 
the quotient W/6? upon ¢s and A has been carried out, and the results for the six 
types of tyre for which the data are most complete are given in Table I. The chosen 


TABLE I 

Tyre surface K 2 B 

Code Type of tyre temperature range adhe: 4 z 
°C 1000 km,62 Le; ro-2cm 
A Avon Commercial synthetic 60°—85° 0.502 0.0309 = 
B Avon Commercial natural rubber 60° —85° 0.722 0.0425 — 
C Blend of 50 cis-polybutadiene and 50 natl. 40°—60° 1.264 0.0168 0.053 
rubber* 

D Natural rubber* 40° —60° 1.195 0.0292 0.245 
G  Michelin-X natural rubber 45°—60° 1.127 0.0425 0.008 
H Natural rubber, conventional 45°—60~ 1.248 0.0402 0.119 


* re-treaded on Avon Carcases. 
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reference temperature f) is 60°C as it is included in all the temperature ranges in 
which measurements have been obtained. The statistical significance of the regressions 
is assessed in Table II, where an analysis of variance is carried out on the logarithms 
of the wear data. It will be seen that the temperature effect is highly significant for 
all tyres. The improvement due to taking into consideration the abrasion pattern 
effect is well substantiated in two cases. A graphical representation of the results of 
the regression is given in Fig. 7, where the experimentally found wear rates W/6? have 


~ 


TABLE II 
Code Source of variance hak a.f. Pee dese es. Significance 

A temperature T.241914 I I.241914 
residual 1.023398 46 0.022248 50.3 99.9% 

B temperature 4.523656 i 4.523656 
residual 1.597152 46 0.034721 730-3 99.9% 

Cc temperature 0.497069 0.497069 25.6 99.9% 
abrasion pattern* 0.052491 I 0.052491 Ze7 80% 
residual 0.330473 17 0.019439 

D temperature 2.8737 I 2.8737 94.1 99.9% 
abrasion pattern* 1.1219 I 1.1219 37.7 99.9% 
residual 0.5662 19 0.029799 

G temperature 2.094300 I 2.094300 68.1 99.9% 
abrasion pattern* 0.001499 I 0.001429 0.04 TS. 
residual 0.891318 29 0.030735 

H temperature 5.659896 I 5.659896 62.6 99.9% 
abrasion pattern* 0.844740 I 0.844740 9.3 99% 
residual 2.624028 29 0.090484 


* Increment due to the addition of the pattern effect. 
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Fig. 7. Observed wear rates W/62 as function of 
calculated wear rates. Dotted lines: 95%, con- 
fidence limits for single readings. 
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Fig. 8. Variation of wear with tyre surface 

temperature at 1° slip angle. A, Avon Com- 

mercial synthetic tyres; B, Avon Commercial 
natural rubber tyres. 
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been entered as function of the “theoretical” rates as calculated from the right hand 
side of eqn. (4), using the values of K, « and f in Table I. The dotted lines include 
confidence limits within which any single reading is expected to fall in 19 out of 20 
cases. 

The relative closeness of these limits indicates that it has been essentially correct 
to attribute deviations from the square law of eqn. (1) to slip-dependent temperature 
rises and, in some cases, to abrasion patterns. This is further borne out by the values 
of the temperature coefficient « found at a constant slip angle, when temperature 
effects are due only to variations in the ambient temperature. Sufficient data for 
such a comparison have been accumulated at 1° slip angle with tyres A and B and 
are shown in Fig. 8. The accuracy of the coefficients derived from this graph is 
lower than those in Table I because the number of readings is smaller. The statistical 
evaluation gives for the 

natural rubber tyres (A) K = 0.727 


& = 0.0407 
synthetic tyres (By) As 05578 
(== (010200 


The agreement between these values and those in Table I for the corresponding tyre 
is as close as can be expected in this type of work. 


The effect of wet roads on tyre wear 

It has been pointed out in the INTRODUCTION that at large slip angles the effect of 
intermittent rain on the rate of wear can be assessed with fair accuracy. This is 
illustrated by the graphs in Fig. 9 where the rate of wear observed at a slip angle of 4° 
in a number of successive runs adding up to some 500 km is plotted against the dis- 
tance run. 

The black bars along the abscissa indicate where the roads were wet. There is a 
drastic reduction in the wear rate during wet runs but the effect is more pronounced 


W (mm/1000 km) 


W (mm /1000 km) 


° 


50 100 
Slo WET ROAD 


Fig. 9. Influence of rain on rate of wear. A, Fig. 10. Rate of wear as function of percent- 
Avon Commercial synthetic tyres; B, Avon age wet road. A, synthetic; B, natural rubber 
Commercial natural rubber tyres. tyres. 
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with natural rubber than with synthetic tyres. In general, conditions are not as 
clearly defined as in the measurements given in Fig. g because the wetness of the 
roads changes in the course of an experiment. In this case, it has been found useful 
to define a “percentage of wet road”’ as the number of miles of completely wet roads 
plus one half the mileage where conditions were doubtful, the whole divided by the total 
number of miles. The wear of natural rubber and synthetic tyres as function of the 
percentage of wet road is plotted in Fig. 10, again for a slip angle of 4°. The curves 


~ 


TABLE III 


. ° 
TYRE SURFACE TEMPERATURES IN °C ON WET AND DRY ROADS AT A SLIP ANGLE OF 4 


Road 
dry partly wet wet 
Commercial natl. rubber 57-3 40.1 30.0 
Commercial synthetic 61.6 52.7 33-5 
200 
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RELATIVE WEAR RATING (%) 
iD 
oO 
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Fig. rr. Relative wear rating of Avon Commercial synthetic and natural rubber tyres on dry and 

wet roads, and at various slip angles: 

@, summer, dry 1°; O, winter, dry, 1°; A, summer, dry, 2°; A, winter, dry, 2°; v, winter, wet, 
2°; bl, winter, wet, 3°; (1, winter, dry, 4°; m, winter, wet, 4°. 


show in more detail than Fig. 9 the stronger decrease in wear with increasing wetness 
of the natural rubber than the synthetic tyres. The relative rating actually reverses 
on completely wet roads. This agrees with the findings of WESTLINNING!!, 

There is reason to believe that the wetness effect is to a great extent a disguised 
temperature effect. In wet weather, the surface temperature of tyres is greatly 
reduced, as may be seen from Table III. Because of the lower temperature coeffi- 
cient of synthetic rubber, the crossing-over of the curves in Fig. 10 can therefore 
be considered as similar to the crossing-over seen in Fig. 8. Further circumstantial 
evidence for this view is presented in Fig. 11, which gives the relative wear rating of 
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synthetic and natural rubber tyres determined on dry and wet roads and variable 
slip angle as function of the tyre surface temperature. These data have been collected 
over a period of almost one year. All points are closely grouped around one straight line. 


The effect of lateral tyre stiffness 


All results quoted till now have been obtained with similar tyres on both trailer 
wheels. If this condition is not adhered to and the tyres differ in their stiffness /, the 
trailer sets itself at an angle to the direction of travel, as is sketched in Fig. 12. 


(b) 


Fig. 12. Diagrammatic sketch of the attitude of the trailer with (a) similar tyres and (b) dissimilar 
tyres. 
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Fig. 13(a). Wear rates at equal force Fig. 13(b). Data of Fig. 13(a) re-plotted as function 
(full curves) and at equal slip (dotted of true slip angle. 

curves) of Michelin-X naturalrubber tyres 

(G) andconventional natural rubber con- 

trols (H), plotted against set slip angle. 
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Because the two side forces must always be equal, the true slip angle of the stiffer tyre 
becomes smaller than the set angle 6, and the slip angle of the softer tyre becomes 
larger. It has been shown! that at equal slip the wear ratio of any two tyres is directly 
proportional to their stiffness ratio but at equal force it is inversely proportional to 
to this ratio. The difference between the results obtained at equal slip and equal 
force can be pronounced, as in shown by the curves in Fig. 13, giving the wear rates 
of a solid breaker tyre* and its conventional control at equal force and equal slip. 
The equal-slip dataare repeated from Fig. 4(b). It has also been shown in the publication 
just referred to that the two curves in Fig. 13 can be derived from each other if the 


Fig. 14. Indoor device for the determination of side force characteristics of tyres. 


side force characteristics of the tyres are known. In order to obtain these data, a 
simple indoor device has been constructed and is shown in Fig. 14. One trailer wheel 
is made to roll over a stout platform sunk into the floor and constrained to move 
only at right angles to the direction of travel. The normal component of the side 
force, which at small angles is practically equal to the side force itself, pushes the 
platform against a proof ring fitted with a dial gauge the reading of which gives 


* Three triangulated wire cord breakers give this construction substantial lateral rigidity. 
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immediately the value of the force. Side-force characteristics of 5 tyres determined 
by this method are given in Fig. 15 and show, incidentally, that the tread compound 
has little influence on the results. The solid-breaker tyre has, as expected, the highest 
side force. 
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Fig. 16. Relative wear rating of natural rubber 
tyres (Vredestein) filled with ISAF and HAF black 
as function of the wear rate of the HAF tyres: 

2 3 A A, conventional road tests with half treads and, 
SLIP ANGLE [°] vy with full treads (ref. 5); @, trailer results. 


Fig. 15. Side forces at variable slip angle. 
For code, see Table I. 


With the help of Fig. 15, the true slip angles obtaining in the equal-force experi- 
ments of Fig. 13(a) have been determined, and all wear rates have been replotted in 
Fig. 13(b) as function of the true slip angle. The results of equal-slip and equal-force 
measurements fall on the same curve, thus indirectly confirming the theory on which 
the conversion is based. 


Comparison of tyre ratings obtained with the trailer and in road tests 


The absolute values of the wear rates produced by the trailer are high compared 
with those common in ordinary road wear; only at a slip angle of 1°, where the tyre 
life amounts to about 10,000 miles, are normal rates approached. In view of the 
severity-dependence of wear ratings, comparison with road data is, in general, 
difficult. An exception are the results of Fig. 4(a), where the merits of HAF black and 
ISAF black in natural rubber have been compared. Similar tyres have been road- 
tested in America and Europe’, the trials including runs on the Niirburgring and on 
the tracks at Zandvoort and Montlhéry where the wear rates come into the range 
covered by the trailer. The full line in Fig. 16 gives the wear ratings determined 
with the trailer as calculated from the values in Fig. 4(a). They have been plotted 
against the wear rate of the HAF tyres so as to make comparison with the road data 
possible. The road data have been taken from reference 5 and are indicated by the 
triangles which, it will be seen, cluster around the curve obtained with the trailer. 


DISCUSSION AND CONCLUSIONS 


The slip-dependence of tyre wear produced by the trailer conforms satisfactorily with 
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the previously developed theory of the wear of slipping wheels if account is taken 
of temperature and abrasion pattern effects. The measure of agreement achieved 
in this way may be gauged from Fig. 7. This treatment of the results reveals at the 
same time that the effect of severity on the relative rating of any two tread compounds 
is largely a consequence of the increase in tyre surface temperature with increasing 
slip if considered in conjunction with differences in the temperature coefficient of the 
abradibilities. These conclusions are also borne out by the observations of PRAT??. 
Similarly, the effect of wetness on the roads on relative ratings can be attributed to 
the appreciable reduction of tyre surface temperatures observed in rainy weather. 

If the trailer is considered as a tyre-testing instrument, its main advantage is that 
results can be obtained in a short time and at low cost. Because of the high severity 
of service, differences between tread compounds tend to be exaggerated but Fig. 16 
demonstrates that by judicious extrapolation to low severities a good estimate can 
be made of wear ratings to be expected under ordinary service conditions. 

The trailer data are unique in so far as they allow a direct comparison between the 
absolute values of tyre wear rates and results of laboratory abrasion experiments. 
This is so because eqn. (1) for the wear does not contain arbitrary constants or experi- 
mentally inaccessible factors. Naturally, no quantitative agreement is expected but 
it is essential to ascertain whether the theory yields wear rates of the right order of 
magnitude. The absolute value of the wear is best expressed by the quantity K = poof 
in eqn. (4) and Table I for it constitutes an average figure in the range concerned and 
is statistically well established. In the expression for K, the resilience @ will be given 
an average value of 0.78, as derived in the APPENDIX; the stiffness factor f can be 
calculated from the data in Fig. 15 and is, for conventional tyres, 2525 kg/radian. 
The abradibility y is, by definition, the volume abraded in ordinary sliding, divided 
by the product of frictional force and distance slid. Its experimental determination 
must, of course, be carried out on road surfaces. Several such measurements have 
been made, giving values between 180 and 400 cm3/kg, 1000 km depending on the 
nature of the road. 

For the actual calculation, it must be remembered that K , as given in Table I, is 


expressed as depth-loss per unit distance and deg?, whereas eqn. (I) gives volume | 


losses and refers to the slip in radians. With the conversion factors involved, one has 


K = 1.78-10-§ yof mm/1000 km, deg? (5) 


Introducing the numerical values of y, 0 and f given above, the calculated range of K 
lies between 0.61 and 1.41, with an average value of about 1.00 which is almost 
embarrassingly close to the values of K given for natural rubber tyres in Table I. 
This agreement may be fortuitous to a certain extent but it is clear that the simple 


theory has successfully taken into consideration the essential factors operating in 
tyre wear. 
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APPENDIX 


Inluence of the resilience of the tread compound on the resilience 0 a tyre 
The compliance C of a tyre can be considered as being made up of the compliance 
of the carcase Cy and of the tread C2 in series so that 
C=Ci+C2 


Let 6, and 62 be the fractions of stored energy lost during a strain cycle in the two 


components. Then: 
6°C = 01C1 + 62C2 


where 6 refers to the whole tyre. Introducing resiliences by means of the following 
relations: 
On = I—On 


the resilience of the tyre becomes 
ni af 
Le Ci + Ca (e+ Ce oe 
It has been shown! that the ratio Ci/C2 is about 0.35; introducing this numerical into 


the expression for g, one has 
= 0.741 {91 + 0.35 Qe} 


Assuming that the resilience of the carcase is of the order 0.9, the following values of 
o are obtained: 


natural rubber tread (02 = 0.53); @ = 0.805 
SBR tread (02 = 0.38); @ = 0.762 
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SUMMARY 


A comparison has been made of the wear resistance and cutting performance of various abrasive 
grits. It was found that the wear of abrasive grits could be described as occurring by attritious 
wear or by fragmentation. Attritious wear uniformly enlarges a wear surface, whereas fragmenta- 
tion tends to change the general shape of the grit. The wear of aluminum oxide grits on mild steel 
appears to occur by both mechanisms, whereas silicon carbide wears mostly by attrition under 
the specific test conditions used. The property of aluminum oxide that results in fragmentation 
during sliding or cutting may be desirable for coated abrasive performance. Other hard and tough 
abrasives such as some borides and carbides wear very rapidly by attritious wear on mild steels. 
On other workpieces, or with certain lubricants, their rate of wear is greatly decreased. The best 
composition for an abrasive grit therefore depends on both the workpiece and the lubricant used 
in the cutting operation. 


INTRODUCTION 


The minerals most widely used on coated abrasives to cut metals are aluminum oxide 
and silicon carbide. Coated abrasives made with these minerals wear out in various 
ways; the most important are shelling, filling, and dulling of the abrasive grits. 
Shelling, which is the mechanical removal of the mineral from the backing, and filling, 
which is the adhesion of cutting debris to the spaces between the cutting points, can 
usually be eliminated by the use of a good lubricant, or by changing a grinding variable 
such as load or speed. We will not consider these sources of abrasive failure in this 
paper. Dulling results in the formation of flat plateaus on the cutting points. The 
dulling process can occur by attritious wear or by fragmentation. Attritious wear is 
the submicroscopic removal of material from the surface by chemical degradation, 
melting, or plastic flow. Fragmentation is the loss of small volumes of the grit to 
relieve internal stresses. When the area of these plateaus becomes large, penetration 
of the metal surface is decreased and the cutting rate drops to a low value. These 
“flats” or plateaus on the cutting particles become highly polished when a silicon 
carbide or aluminum oxide coated abrasive is used to a dulling end-point on steel. 
The flats reflect light very well, and are often mistaken for tiny pieces of metal which 
have adhered to the grit. Microscopical examination reveals that the surfaces are bare 
polished mineral, with only widely scattered fragments of metal adhering to the grits. 

Similar shiny flats are produced on abrasive grits used to grind titanium!. However, 
in this case an overlay of titanium metal is noted on the grit. This welding can be 
prevented by use of liquid lubricants, with a substantial increase in the life of the 
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coated abrasive. It has also been shown that the reaction of some “lubricating’”’ gases 
with steel to form group VIA and VIIA iron compounds results in prolonged abrasive 
hfe? with aluminum oxide coated abrasives. This conclusion was reached by noting the 
rate at which the cutting rate decreased in various atmospheres. Such observations do 
not, however, yield direct evidence about the mechanism or rate at which the cutting 
points wear out. It was tacitly assumed that a reduction in the rate at which the cut- 
ting rate decreased coincided with a decrease in the rate of wear of the abrasive grits. 

It is of interest to compare the relative merits of silicon carbide and aluminum 
oxide as abrasive grits. Aluminum oxide has occasionally been described as being the 
better abrasive for steel because it is the tougher, 7.e., more resistant to fracture of 
the two materials. Measurements that we have recently made, and to be described 
in this paper, indicate that this cannot be true. Moreover, the friability of aluminum 
oxide may contribute to its desirability as an abrasive material. We have also found 
that the rate of attritious wear of aluminum oxide on mild steel is much lower than 
that for silicon carbide. This difference would be expected from the fact that silicon 
carbide can be dissolved in molten iron to form iron silicide and iron carbide, whereas 
aluminum oxide is relatively inert with respect to iron. It has been suggested3-4 that 
the wear of aluminum oxide is greater in air than in an inert atmosphere as a result 
of the reaction of aluminum oxide with iron oxide. This does not seem compatible 
with our observation? that the reaction of atmospheric oxygen and iron results in 
prolonged abrasive life. This conclusion was reached from observations of the rate 
of cut and cutting force as a function of time. 

The wear of minerals has been described by others as occurring by two mechanisms: 
attrition, and fracture or fragmentation4:>.6, It has been suggested that a proper 
balance between these two wear mechanisms is necessary for effective use of an 
abrasive belt®. A technique that we will now describe for studying the flank wear of 
abrasive grits gives the rate of attritious wear on a grit. This type of wear involves 
the gradual removal of microscopic or submicroscopic quantities of material from a 
surface. Because of the minute quantities of material removed, it is not generally 
possible to conclude through analysis of the wear debris whether wear occurred by 
chemical or physical degradation of the surface. 


EQUIPMENT 


The abrasive grit is frozen in a puddle of molten aluminum in a small cavity at the 
pinnacle of a steel cone machined out of hexagonal stock (Fig. 1). When the aluminum 
has solidified, it is firmly lodged in the cavity by striking the aluminum at the top 
of the holder with a cylinder, the internal diameter of which is larger than the grit. 
In this way the aluminum metal, which contracts on solidification, is expanded and 
firmly anchored in the steel holder. 

The grit holder (T) (Fig. 2) is screwed into one end of a lever arm (L) which is 
supported and pivots freely at (P) on an axis held in two pillow box bearings (A). 
The extension arm (D) in which the grit is mounted turns in sleeve bearings at (B). 
The grit thus supports all of the load (L), which is applied through the pulley system 
by hanging a weight at (W). The loaded grit contacts the surface of a 6} in. diameter 
mild steel cylinder (G) mounted on a lathe (Fig. 3). The cutting force or transverse 
force (F) is noted by means of a Statham + 80 oz. strain gage (C) on the opposite end 
of the balance arm. The signal from the strain gage is amplified with a Brush Amplifier 
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Fig. 1. Abrasive grit mounted in holderfor wear Fig. 2. Schematic diagram of the apparatus for 
and cutting analysis. measuring the transverse force of an abrasive 
grit sliding over a steel surface. 


. 


Fig. 3. Photograph of the apparatus for measuring the transverse force of single abrasive grits 
sliding on a metal surface. 
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and the cutting force is continuously read out on a Varian 10 mV recorder. The strain 
gage can be calibrated by hanging weights from a point on the arm where contact is 
ordinarily made with the metal surface, or by loading the lever arm over the strain 
gage, producing a signal of opposite sign, but of equal magnitude with the same load. 

The grit mount, strain gage assembly, and pulley system are on the tool mount 
of the lathe (Fig. 3), and thus the grit can either be constrained to slide in the same 
track, or spiral down the length of the cylinder at some known feed. Unless otherwise 
noted, the experiments were performed with the grit making a spiral track down the 
cylinder. 

A chip collector (H) can be mounted below the grit and cylinder such that the metal 
removed can be collected and weighed. 

An enclosure attached to the tool mount and surrounding the cutting process was 
used to enrich the atmosphere with reactive gases, or cause a gross reduction in the 
amount of oxygen present by rapid flushing with nitrogen or argon (not shown on 
the photograph). For such experiments the entire apparatus was placed in a hood. 


EXPERIMENTAL PROCEDURE 


Loads of 200-1000 g and sliding speeds of 1000-3400 ft./min were used. These con- 
ditions approximate those encountered by abrasive grits in fairly severe operations. 

The flank wear on the grit was measured by noting the increase in area, JA, on 
the flank, and by measuring the decrease in length, 4h, of the grit. The area was meas- 
ured under a calibrated grid in a microscope, and the length with a precision microm- 
eter. The volume of the material removed, V, is then equal to the sum of the indi- 
vidual volumes of grit removed (AV) in a succession of determinations. The volumes 
removed are thin sections, the volume of which may be approximated by 


Baa, 


AV; = Ahig 


where AV; is one determination in a succession of experiments. 

The duration of time in a single determination of AV was from 5 sec to several 
minutes. If the flat was small, a measurable increase in A and / took place in a small 
amount of time. As the flat became larger, the duration of the experiment was in- 
creased. The rate of flank wear was determined from the slope of the curve in a plot 
of volume vs. distance traversed. Since the rate of wear was proportional to the load 
(kg) on the grit, this rate will be reported in the units mm$/km.kg. 

The aluminum oxide grits or coated abrasives tested were made with Norton 
Company “‘regular’’ grade aluminum oxide (x-AlzOs), and the silicon carbide was the 
_ “black” type («-SiC), purchased from the Carborundum Company. 


EXPERIMENTAL RESULTS AND DISCUSSION 


Wear mechanism of aluminum oxide and silicon carbide 

A comparison of aluminum oxide and silicon carbide coated abrasives on mild steel 
reveals some marked differences between these minerals, even if grit size and all 
other grinding conditions are identical (Fig. 4). The initial grinding rates are com- 
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parable, but the silicon carbide coated abrasive ‘“‘wears out’’ at a much faster rate. 
For each kind of abrasive, the worn out belt is characterized by numerous flat pla- 
teaus, which if held at a proper angle to some light source, will reflect light and appear 
as a multitude of bright spots on the abrasive surface to the eye. There are places on 
the belts where grits apparently were torn from the binder or were removed by a single 
fracture process. Such wear processes do not contribute to what is noted by light 
reflection from flats produced by flank wear. The number of such wear processes, 
(fracture or shelling), which contribute to ultimate failure appears to be negligibly 
small with this type of end-point. 
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Fig. 4: A plot of rate of cut as a function of time for a 60 grit aluminum oxide and 60 grit silicon 
carbide coated abrasive. Belt speed: 5060 s.f.m. Load: 12 lb. on the end of a 1 in. o.d. —$in.i.d. 
cold rolled S.A.E. 1020 steel tube. Abrasive: 132 in. 60 grit belt. 


The number of wear flats per unit area, and the area on each flat, was determined 
under a microscope on worn out 60 grit aluminum oxide and silicon carbide belts 
(Table I). Five locations with areas of 2.54 cm? each were examined. The cutting 
performance of these belts is graphically shown in Fig. 4. 


TABLE I 


WEAR AND CUTTING PERFORMANCE OF 60 GRIT ALUMINUM OXIDE AND 
SILICON CARBIDE COATED ABRASIVES 


Aluminum oxide Silicon carbide 
Total cut (g) 953 200 
Time (min) 40 5 
Rate (g/sec) O.1 O.I 
Flats/cm2 57-5 + 3 26.4 + 1.5 
Area (mm2)/flat +108 14.4 + 0.8 1.15 + 0.05 
% of total area flat 0.83 0.03 
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It is apparent from the data that much more aluminum oxide than silicon carbide 
is lost when a cutting rate of 0.1 g/sec is reached. Even if the silicon carbide belt had 
been permitted to grind as long as the aluminum oxide belt, much less silicon carbide 
than aluminum oxide would have been removed from the belts. We must, therefore, 
conclude that cutting performance and mineral loss are not necessarily inverse func- 
tions of each other as might be expected on the simple premise that the more mineral 
an abrasive belt loses, the less metal it will cut. It can also be seen from the data 
(Table I) that fewer silicon carbide grits than aluminum oxide grits contact the metal. 
This results from the distribution of points as a function of distance from the backing, 
1.é., since not all the exposed grits contact the metal at once, those furthest from the 
backing must be worn away before new grits begin to cut metal. The number of worn 
grits would be the same on either belt if mineral wear was permitted to continue, since 
both kinds of belt were made with the same size and density of mineral particles on 
the surface. 
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Fig. 5. A comparison of the cutting performance of aluminum oxide grits with silicon carbide grits 
as a function of mineral wear. ----- AlzO3; SiC; load: 835 g; sliding speed: 3,100 ft./min. 


Aluminum oxide and silicon carbide grits were then singly tested, and it was noted 
that although aluminum oxide grits tended to lose small fragments occasionally 
during a test, the rate of flank wear by attrition on aluminum oxide (0.002—0.008 
mm3/km.kg) was less than the flank wear on silicon carbide (0.01-0.05 mm3/km.kg). 
When a fragment was lost during a test, that particular determination of “AV’’ was 
discarded, and if further fragmentation did not occur, the determination of wear was 
continued. Since aluminum oxide abrasive belts lose mineral more rapidly than silicon 
carbide abrasive belts when grinding the same metal, the wear of aluminum oxide 
belts must occur primarily by some mechanism other than attritious wear. This 
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mechanism is probably fragmentation, which was not taken into account in the 
measurement of flank wear by attrition on the single grits. 

The tendency of aluminum oxide to fracture may be caused by thermal stresses. 
Aluminum oxide does not conduct heat as well as silicon carbide does, and higher 
temperatures are therefore produced in it by frictional heating if the energy dissipated 
at the sliding interfaces is approximately the same for both materials. If a red-hot 
particle of aluminum oxide is quenched in water, cracking and fragmentation of the 
particle are noted under a microscope. Silicon carbide, however, retains its mechanical 
strength better after similar treatment. 

The volume loss by attritious wear for aluminum oxide and silicon carbide grits 
was determined as a function of metal removed (Fig. 5). Although there is considerable 
scatter in the data, as might be expected from the choice of randomly shaped cutting 
points, it is apparent that at some given amount of metal removal, less aluminum 
oxide than silicon carbide has been lost by flank wear. 


Effect of interface composition 


The results discussed thus far were obtained with the slider mount engaged with 
the screw which drives the mount down the lathe. The grits were therefore continu- 
ously contacting new steel surface. If a very dull grit which is not removing metal is 
permitted to slide in the same track around the cylinder, the transverse force rises 
almost immediately over the value noted when new surface is continuously contacted. 
This is presumably due to removal of the oxide coating from the surface of the metal. 
The sharp increase in transverse force is delayed by use of a lubricant such as mineral 
oil (Fig. 6). Addition of a polar molecule to the mineral oil, such as stearic acid, 
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Fig. 6. Effect of lubricants on transverse force when a dull aluminum oxide grit continues to 

slide in the same tract around a cylinder. The curves are traces from the chart recorder 

beginning from the time when the grit was initially loaded. Load: 50 g; sliding speed: 
1.510 ft./min. 
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further delays the rise in transverse force. The same result is obtained by use of a 
polar lubricant such as polyethylene glycol (Fig. 6). These molecules are more strongly 
adsorbed on the metal surface than are the hydrocarbons in mineral oil. 

The action of sharp grits on the metal surface cannot be easily observed if the grit 
remains in the same track. Gouging of the surface either results in the grit riding on 
a Shoulder, with the cessation of cutting, or in such severe seizure that fracture of the 
grit occurs. 

Introduction of reactive gases in the enclosure around the sliding process causes 
changes analogous to those observed with coated abrasives?. If hydrogen chloride gas 
is introduced to the enclosure, a decrease in transverse force is noted if the grit has 
a dull supportive flat (Fig. 7). This change in force simply reflects the decrease in 
frictional force on the flank of the grit. If the grit is sharp, one generally observes 
that the surface of the cylinder becomes more deeply cut and the transverse force 
increases. This effect is noted both with reactive gases such as hydrogen chloride, 
and with oils (Fig. 7). 
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Fig. 7. The effect of lubricants on dull and sharp grits as noted by transverse force measure- 

ments. Application of oil to the sharp grit gave an initial decrease in transverse force. Soon 

thereafter the grit began to cut metal, accompanied by a rise in transverse force. Conversely 

a sharp grit, which has become dull, has been noted to suddenly stop cutting with a decrease 
in transverse force. Load: 8.56 g; sliding speed: 921 ft./min. 


The gases which behave as ‘lubricants’ are those which will react with iron to 
form Group VIA or VIIA iron compounds. Hydrogen chloride and hydrogen bromide 
are superior to oxygen as lubricants for coated abrasives?. It was noted that these 
reactive gases became ineffective as lubricants when the atmospheric conditions 
became very dry (relative humidity <5%). Introduction of a moist piece of tissue 
paper in the sliding enclosure was sufficient for the “‘lubricating’’ effect to be noted 
again. Apparently the oxide film on the iron surface protects the metal from attack 
by the reactive gas under dry conditions. This effect is also noted in the corrosion of 
iron, viz., an iron surface is not readily attacked so long as water vapor is absent. 
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Under a constant thrust force, such as used in our experiments, the effect of a 
lubricant is two-fold: the depth of cut is increased, and perhaps more important, the 
rate of wear of the cutting points is decreased. This is true for both silicon carbide and 
aluminum oxide. For example, the difference in rate of attritious wear of an aluminum 
oxide grit in air and in a nitrogen atmosphere is shown in Fig. 8. Similar data, except 
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Fig. 8. Rate of wear of an aluminum oxide grit in a nitrogen atmosphere and in air. Load: 432 g; 
sliding speed: 4,000 ft./min. 
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Fig. 9. Wear of a silicon carbide abrasive gri i i in ai in ai 
: grit asa function of time in air and in air containin 
hydrogen chloride gas. A residue of iron chloride on the metal surface was sufficient ‘S 
prevent the wear rate from returning to the initial value after the hydrogen chloride gas 
was no longer introduced to the atmosphere. Load: 426 g; sliding speed: 1,510 ft./min. 
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plotting volume as a function of time, is shown in Fig. 9 for silicon carbide in air and 
in an atmosphere containing hydrogen chloride gas. Using grits of random shape and 
orientation it is not possible to compare the effects of a particular lubricant on several 
different minerals, because even under constant conditions the rate of wear and cut- 
ting performance for a single mineral varies appreciably from grit to grit. This is 
apparent from the data in Fig. 5. 


Effect of grit composition on rate of wear 


The rate of flank wear was determined for a variety of available hard materials 
(Table II). It is evident that on mild steel the oxide structures (corundum, garnet, 
and flint) have relatively low rates of wear compared with the carbide and boride 
structures. Flint, for example, wears no more rapidly than boron carbide, even though 
it is a far softer material. These results indicate that the superior wear resistance of 
the oxide structures may be a result of their chemical inertness. 


TABLE II 
RATE OF WEAR OF VARIOUS MINERALS 


Mineral Metal cee Wear rate mm3/kg.km 
(1) AlsO3 Steel 2100 0,002 —O.01 
(2). SiC Steel 2480 0.01 —0.05 
(3) AlsO3:3 FeO+3 SiOz (garnet) Steel 1360 0.054 —0.066 
(4) SiOz (flint) Steel 820 0.12—0.13 
(5) AlzOg-FesO4 (emery) Steel 1400 0.055 —0.075 
(6) ZrOs Steel 1160 0.01 -—0.085 
(7) B (crystalline) Steel 2900 0.06 —0.105 
(8) WC steel 1880 0.017 —0.084 
(9) _C (diamond) Steel 7000 0.0010—-0.002 
(ro) TiC Steel 2470 0.1 
(11) ZrC Steel 2100 O.1 
(12) AIBie Steel 3500 0.12 
(13) BaC Steel 2750 0.08 —0O.14 
(14) BP Steel 0.14 —0.18 
(15) ZrBz Steel 0.04 —0.08 
(16) TiBz Steel 0.02 —0.05 
(17) AlzOz Gray cast iron 2100 0.001 7—0.0039 
(18) SiC - Gray cast iron 2480 0.0006 
(19) B (crystalline) Gray cast iron 2900 0.26 
(20) C (diamond) Gray cast iron 7000 0.00013 


Minerals (6), (10), (11), (15), and (16) were experimental samples obtained from Norton Company. 
The flint, garnet, and emery are naturally occurring minerals obtained from mineral deposits in 
Wassau, Wis.; Barton Mines, North Creek, N.Y.; and Hamilton Emery and Corundum Co., 
Chester, Mass., respectively. The crystalline boron was obtained from the United States Borax 
and Chem. Corp., and the tungsten carbide was a granular sample obtained from Haynes Stillite 
Co. The diamonds were synthetically produced by General Electric Company. The boron carbide 
was an abrasive grade material obtained from Carborundum Co. The boron phosphide was ob- 
tained from Stauffer Chemical Company. 


The rate of wear of aluminum oxide, silicon carbide, crystalline boron, and diamond 
were also determined on gray cast iron (Table II). A substantial decrease in the rate 
of wear of diamond and silicon carbide was noted, whereas the rate of wear of crystal- 
line boron may have actually increased. Since the cast iron already has carbon dis- 
solved in it, and would therefore have less tendency to react with a carbide to form 
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more iron carbide, the results point to reaction with iron as one of the mechanisms 
by which attritious wear of the carbide structures occurs. Wear of the boron, which is 
high on both the steel and cast iron, presumably could occur by formation of iron 
boride with either metal, although oxidation of the boron by atmospheric oxygen 
cannot be ruled out. 

The cutting performance of some of the grits was measured as a function of volume 
loss of the grit (Fig. 10). Again, the harder carbides and borides do not perform as well 
as one would expect on the basis of hardness alone. Diamond was comparable to 
aluminum oxide in cutting performance, even though it is much harder. 
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Fig. 10. Metal cutting performance of various abrasive grits as a function of mineral loss. Although 
there is considerable variance from grit to grit for any particular material, the data plotted is 
considered to be typical of each kind of material. Load: 835 g; sliding speed: 3,100 ft./min. 


The comparisons that have been made involve only flank wear of the material. 
Under heavier loads or more rapid sliding speeds, a material which appears relatively 
poor on the tests described because of poor resistance to attritious wear may perform 
very well as a cutting point because of its resistance to fragmentation. Also, on a very 
hard workpiece, a cutting point is required which will not fracture under the high 
loads necessary for penetration. Diamond therefore is a superior abrasive for hard 
materials where a material such as aluminum oxide may fracture. 


CONCLUSIONS 


(x) An aluminum oxide coated abrasive will have lost more mineral than a silicon 
carbide coated abrasive, all other conditions being the same, when some terminal 
rate of cut has been reached. Since the rate of attritious wear of aluminum oxide in 
the single grit test is less than that of silicon carbide, this difference is probably caused 
by fragmentation of the aluminum oxide on the belt. Although attritious wear is 
always deleterious to cutting action, fragmentation may result in the formation of 
new cutting points, and hence enhance the abrasive properties of aluminum oxide. 
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(2) The rate of wear of minerals can be decreased, and the rate of cut increased 
under a constant thrust force, by the use of lubricants. 

(3) The most effective lubricants for coated abrasives are “boundary lubricants’’ ; 
1.e., compounds formed on the surface of the metal by adsorption of polar groups from 
solution, or by reaction of the metal with a non-metal to form a salt of the metal being 
cut. The reaction may actually occur on the surface of the cutting particle if it is 
coated with metal, and thereby be carried into the cutting process. 

(4) Carbides and borides generally have poor resistance to attritious wear on mild 
steel compared with oxides, even though they may be much harder. This is due to 
their chemical instability, either with respect to the oxygen in the air or the metal 
being cut. 

The permutation of mineral cutting tools, metals, lubricants, and grinding param- 
eters is so large that it is impossible to make generalizations regarding the ‘‘best 
mineral” or “best lubricant’’ for a particular metal. Indeed, the proper use of a 
lubricant, if its use is permissible, may remove a particular mineral abrasive from an 
economically undesirable category. The introduction of new metals and alloys with 
uniquely different chemical properties may demand the use of lubricants or minerals 
which are not presently used. 


ACKNOWLEDGEMENT 


The authors would like to thank the Abrasives Division of Minnesota Mining and 
Manufacturing Company for their support of this work. We are indebted to the research 
staff of the Abrasives Division and Central Research for many helpful discussions and 
suggestions. 


REFERENCES 


1 —D. E. CapDweELL, H. L. WEISBECKER AND W. J. McDona.p, Grinding a titanium alloy with 
coated abrasives, ASME Meeting, Detroit, June 15-19, 1958, Paper No. 58-SA-44; for a summary 
of this paper see p. 387 of this issue. 

2 E. J. DUwWELL anv W. J. McDonacp, The effects of atmosphere on dry-grinding steel with AlzOs 
coated abrasives, ASME-ASLE Lubrication Conf., N.Y., 1959, ASME Paper No. 59-LUB-6; 
for a summary of this paper see p. 384 of this issue. 

3 L. Cors, Chemistry of abrasive action, Ind. Eng. Chem., 47 (12) (1955) 2493-2494. 

4 G. J. GoEPFERT AND J. L. Witttams, The wear of abrasives in grinding, Mech. Eng., 8x (4) 

ig 69. 
” aeons. Effects of operating variables on abrasive belt life, Tool Engy., 41 (1958) 113. 
6 H. N. Dyer, Abrasive belt grinding of metals, Ind. Eng. Chem., 47 (12) (1955) 2500. 


Wear, 4 (1961) 372-383 


Ld) 


3o: 


384 WEAR 


THE EFFECT OF REACTIVE GASES ON THE DRY GRINDING 
OF STEEL WITH ALUMINUM OXIDE COATED ABRASIVES* 


? E. J. DUWELL anv W. J. MCDONALD 
Minnesota Mining and Manufacturing Company, St. Paul, Minn. (U.S.A.) 


(Received June 20, 1961) 


The freshly formed metal surfaces produced on steel by grinding readily react with 
many gases. Most evident is the exothermic reaction of the iron with oxygen in the 
air, which produces the well-known spark shower of glowing chips. There is no 
emission of visible light if the grinding is done in nitrogen. 

The effect of such atmospheric changes on the grinding rate and cutting force, using 
a constant thrust force, has been studied. The apparatus consisted of a I in. 0.d. X 
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Fig. 1. Diagram of experimental setup at tool—workpiece interface. 


3 in. i.d. 1020 mild steel tube held perpendicular to the face of a g in. aluminum oxide 
abrasive disc (Fig. 1). The entire apparatus was in an enclosure in which the atmos- 
phere could be controlled. The cutting force and the change in length of the work- 
piece were recorded continuously, and the slope of the latter curve was computed 
to obtain rate of cut as a function of time. 


* Condensed version of a paper presented at the ASME-—ASLE Lubrication Conference, New York, 


October 20-22, 1959, as paper No. 59 LUB-6. The preprint (5 pp. 17 fig., 5 ref.) was available from 
ASME, 29 West 39th Street, New York; 80 cts per copy. 


This summary is published in conjunction with an original contribution from the same labora- 
tory (see p. 372). 
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It was found that, soon after cutting begins and until the coated abrasive is almost 
worn out, the cutting rate could be expressed as: 


Rate = Ce-6t 


where ¢ is the time, and C and f are constant for a given test. Although this expression 
may not describe the rate curves for other minerals and workpieces, it adequately 
_ describes our data, as will be apparent from the graphical presentations in this paper. 
C is the initial rate of cut. The term is related to the rate at which the rate of metal 
removal decreases. Therefore, it must also be a measure of the rate at which the 
abrasive disc wears out, since the decreasing rate of cut results from the gradual 
destruction of cutting points on the coated abrasive surface. “‘B’’ may be interpreted 
as a measure of the rate of this destruction. Neither loading nor shelling of the mineral 
contributed to the decrease in the cutting rate under these experimental conditions. 
Such phenomena would change the character of the rate curve. 
The effect of the removal of oxygen, and the introduction of chlorine to a tool- 
workpiece interface is illustrated in Fig. 2. There is an almost instantaneous rise 


19) 
o 
nw 
as 
oa 
o 
» 
fe) 
we 
Loap: 20:8. 
WoRrKSPEED: 7900 FT/MIN. 

© Aprasive: 24 GRIT Al,05 
ie 
oO 
c 
fo) 
ew 

2 

to) 

Ce aS ae SU CM Mr Ome Smo. mit Z an I3 

Time, min 


| Fig. 2. The effect of a nitrogen atmosphere and nitrogen atmosphere containing 20%, chlorine on 


the rate of cut and cutting force. 


in cutting force as the load is gently applied. The rate of cut and cutting force then 
decrease as the cutting points wear out by flank wear, and the depth of cut slowly 
decreases. When air is replaced by nitrogen, the cutting force increases because of the 
increased friction between the cutting points and the metal. This increase, however, is 
offset by a decrease in cutting rate resulting from decreased depth of cut. This 
decreased depth of cut is due to the increase in frictional force between the metal 
and the cutting points. This interpretation is consistent with an analysis of the me- 
chanics of chip formation}. 


Wear, 4 (1961) 384-386 


Sa SS Se 


386 E. J. DUWELL, W. J. MCDONALD 


Chlorine gas was then introduced into the grinding chamber to obtain a mixture 
of approximately 20%, of chlorine in nitrogen. An immediate decrease in cutting 
force was noted, followed by an increase as the cutting rate increased. Thus, it is 
apparent that the chlorine gas served as a “lubricant” in the same way as oxygen in 
the air: however, it is of interest to note that there is a decrease in f over that noted 
with air either in the initial, or the final stage of the life of the coated abrasive. 
Thus, the coated abrasive wears out less rapidly in a chlorine atmosphere than in air. 

A small increase in cutting force is noted in going from the chlorine to the air 
atmosphere as a result of the poorer lubricating properties of air. No appreciable 
changes in depth of cut are noted by changing lubricants in the last stages of the 
abrasive’s life, because flat plateaus produced by flank wear on the top of some of the 
grits control the depth of cut. 

It was found that, in addition to chlorine, hydrogen sulfide, hydrogen chloride, and 
hydrogen bromide are more effective lubricants than the oxygen in air for grinding 
steel with aluminum oxide coated abrasives. Nitrogen, carbon dioxide, or inert gases 
have the same effect on grinding, namely, to cause severe seizure between the alu- 
minum oxide cutting points and the metal. 

We conclude that gases of the group VIA and VIIA elements, which react with 
a steel surface to form iron salts, will serve as lubricants for the grinding of steel with 
aluminum oxide coated abrasives. Under a constant thrust force this results in an 
increased depth of cut and a decrease in the rate at which the coated abrasive wears 
out. The chlorine, bromine, and sulfur-containing gases investigated were found to be 
better lubricants than oxygen, perhaps because of the lower melting points of the 
iron salts of these elements. 


1M. FE. Mercuant, Mechanics of the metal cutting process, J. Appl. Phys. 16 (1945) 267, 318. 
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This study was made of factors affecting the performance of fully and conventionally 
coated abrasive belts in the grinding of the titanium alloy 6 Al 4V. Data were ob- 
tained by grinding one end of a rotating titanium tube of uniform cross section, and 
automatically sensing and plotting as a function of time the progress of the unground 
end. In each individual test the belt speed, v, and the force, /, normal to the abrasive 
and exerted through the workpiece, were held constant for the duration of the test. 


145% K; 


Rate of cut (cm/sec) 


2.8%K3PO, 


0.28% KPO, 
A eae a4 = 
(0) 500 1000 1500 2000 
Time- Seconds 
Fig. 1. Rate of cut curves for titanium work, silicon carbide abrasives and aqueous K3POs, solutions 


as lubricants. The horizontal line W = 0.03, represents W,. The comparison time, ¢,, is the inter- 
section of the rate curve with the W, line, and the index C is indicated by the crosshatched area. 


The “specimen advance’’ data were plotted as rate of volumetric titanium stock 
removal, W, vs. time, ¢. Under the conditions defined above, W declines as t increases, 
as is shown by Fig. 1. The decline is caused by attritional wear, and hence dulling, 
of the cutting points and edges of the abrasive mineral. There is also some welding of 
titanium metal to the worn abrasive grains, a phenomenon known as “‘capping”’. 
* Condensed version of a paper presented at the ASME Semi-Annual Meeting, Detroit, June 
15-19, 1958, as paper No. 58-SA-44. The preprint (9 pp., 10 fig., 5 tables, 8 ref.) was available 


from ASME, 29 West 39th Street, New York; 50 cts per copy. 
This summary is published in conjunction with an original contribution from the same labora- 


tory (see p. 372). 
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Capping also made a contribution to dulling, though probably a minor one compared 
to that of attritional wear. The effects of the two dulling mechanisms were not 
measured separately. 

In analyzing data such as those of Fig. 1, a rate of cut, We, called the comparison 
rate, was chosen such that W- is proportional to Fv. The arbitrarily chosen propor- 
tionality constant gives We = 0.030 cm/sec with F = 40 Ib. and v = 2850 ft./min, 
as in the data of Fig. 1. The time fe, necessary for W to decline to equality with W- is 


indicated, as is C, by Fig. 1. The value of C is tha Wat. Physically, C is the volume 


of titanium ground away by the abrasive belt during a standardized portion of its 
life, and therefore is an index of performance. The value chosen for W- is not critical, 
since all values small enough to impart reasonable sensitivity to the index C, will 
rank comparable data in the same order. 

Of all the factors studied in terms of their effect upon C, the effect of lubricant was 
most marked. Table I lists some of the data obtained with various lubricants and 


TABLE I 


TEST DATA ILLUSTRATING EFFECTS OF VARIATION IN LUBRICANT AND LUBRICANT CONCENTRATION 


Lubricant (ib. ) niet abi as es 
Air (dry grinding) 40 0.030 27 1.85 
Water 40 0.030 48 2.30 
5.0% KsPOa 40 0.030 1500 62.7 
14.5% KsPOa 40 0.030 2130 97.3 
14.5% KsPOa ae) 0.0075 3255 40.1 
30.0% K3PO4 40 0,030 2145 101.3 
5% NasPOa:12 H2O 40 0.030 800 33-7 
5% KNOs 40 0.030 1640 69.7 
14.5% KNOs 40 0.030 1755 76.2 
5.0% NaNOsz 40 0.030 1260 50.7 
Conct. A, diluted 4:1 40 0.030 1650 727 
Conct. B, diluted 4:1 40 0.030 545 23.5 
Conct. D, diluted 4:1 40 0.030 390 16.2 
E, undiluted 10 0.0075 3840 53.6 
F, undiluted 10 0.0075 4290 61.2 
G, undiluted 10 0.0075 6000 85.3 


silicon carbide abrasive belts driven at 2850 ft./min. Liquid lubricants were flooded 
onto the work at 1.5 gal./min. Lubricants E, F, and G are proprietary organic 
liquids having extreme-pressure activity. All others are aqueous solutions. Concen- 
trates A, B, and D are proprietary water-miscible liquids. The dilution shown is 
volumetric parts water to parts concentrate. Concentrate A is a special preparation for 
titanium, evidently containing KNOz as the active constituent. Concentrate B is an 
ordinary rust-inhibitor coolant, and Concentrate D a representative ‘‘soluble oil’’ 
emulsion. At low values of F the extreme-pressure organics were the most effective 
tested. However, at all values of F higher than ro lb. they were ignited by the titanium 
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spark shower, and so could not be compared with the aqueous solutions at more 
practical values of F. 

_ Figure 2 shows the effect of aqueous lubricant concentration on grinding with 
silicon carbide abrasive belts where F = 40 lb. and v = 2850 ft./min. 


100) ah 


NasPO 


esis) | ew 


75) 


. NaNO, 
Y 50 eS Sas ae 
O 


° 0.5 1.0 15 
Concentration (M) 


Fig. 2. Dependence of grinding performance on the molar concentration of aqueous solution 
lubricants for titanium, silicon carbide abrasives; F = 40 lb., v = 2850 ft./min. 


The aqueous lubricants used were suggested by the work of SHAW AND YancG! and 
CLORITE AND REED?. Their effect in carbon steel grinding differs little from that of 
water alone. SHAW AND YANG offer an adsorption mechanism for the attachment, 
and hence effectiveness, of the solute species. 

When used with ineffective lubricants (water and air), silicon carbide and aluminum 
oxide abrasives gave approximately equal values of the grinding index, C, both very 
low. The value of C for silicon carbide was about five times that for aluminum oxide 
when the aqueous lubricants were used with both abrasives, and over ten times when 
the organic lubricant E was used. That is to say that the ratio of silicon carbide per- 
formance to that of aluminum oxide tends to be greater with more effective than 
with less effective lubricants. YANG AND SHAW3 gave the product of heat conductivity, 
k, specific gravity, @, and specific heat, c, to be about 3 times as great for silicon 
carbide as for aluminum oxide, the exact ratio depending upon temperature. They 
point out that hot spot temperatures in this system are inversely proportional to the 
value for the abrasive material of Voc. The lower hot spot temperatures, other factors 
being equal, would be conducive to better adherence of an adsorbed layer in the 
titanium-silicon carbide system than in titanium-aluminum oxide. 

The response of the lubricated systems to increased F is clearly shown by the data 
of Table I. The higher loads give higher values of C despite the load dependence 
of We. 

In the lubricated systems the increase of the rate of attrition of the abrasive with 
increasing speed is illustrated by Fig. 3. The initial values of W have little effect on C. 
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Different lubricants have different interactions with abrasive speed, as shown by 
Table II. The nitrite lubricant is affected less adversely by speed than is the phos- 
phate, possibly because of greater mobility of the nitrite ions in solution. The molar 
concentrations of the two lubricant solutions are about equal. 


+ 


2850 SFPM 
4450 SFPM 


Rate of cut (cm3/sec) 


0 500 1000 1500 
Time - Seconds 


Fig. 3. Rate of cut curves for titanium work, silicon carbide abrasive, 14.5°% KsPOx, solution 
lubricant, F = 40 lb., v as shown. 


TABLE II 


TEST DATA ILLUSTRATING EFFECT OF VARIATION IN SPEED 


; We te 
Lubricant (ft.lmin.) (cm/sec) (sec) (cm) 
14.5% KsPOa 2850 0.015 2200 54.0 
14.5% KsPO4 4450 0.0234 685 22e0 
14.5% KsPOa 6300 0.033 72 4.4 
5% NaNOz 2850 0.015 2100 46.1 
5% NaNOz 4450 0.0234 690 24.3 
5% NaNOz 6300 0.033 195 10.1 
REFERENCES 


1 M. C. SHaw anv C, T. YANG, Inorganic grinding fluids for titanium alloys, Trans. ASME, 78 
(1956) 861-8. 

2 P. A. CLoritE anv E, C. REED, Influence of various grinding conditions upon residual stresses 
in titanium, ASME Paper No. 56-A-44. 

3 C. T. YanG anp M. C. SHaw, Grinding of titanium alloys, Report to Watertown Arsenal 
Contract No. DAr9-020-ORD 835, April 1953, PB 112049. 
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SUMMARY 


Measurements have been made of the coefficient of friction of oriented PTFE. It is found that 
the friction is dependent on the direction of sliding to a small but definite extent. The greatest 
effect is observed when both the sliding members are PTFE. When the surfaces are oriented with 
their molecular chains parallel the friction is approximately 30% higher when sliding across the 
chains than when sliding along them. Direct measurements of the shear strength of oriented 
PTFE showed that it is 45°% greater when shearing occurs across the chains than when it occurs 
along them. 

A similar effect is also observed for a spherical steel slider on PTFE, but here the interpretation 
is more complex. In this case the friction may be expressed in the form fF’ = aw” + bW™, where 
aand b are constants: the first term represents the contribution due to interfacial adhesion and the 
second term that due to progressive deformation. The deformation component of friction is inde- 
pendent of the direction of sliding, but the adhesion component is 20% greater when the sliding 
occurs across the molecules than when it is along them. 


Polytetrafluoroethylene or PTFE (—CF2 —CF2)n has an exceptionally low 
friction!.2, With most polymers the coefficient of friction is about u = 0.4 to 0.8, but 
with PTFE it is often as low as ys = 0.05. BUNN AND HoweELts? have shown that 
fibres of PTFE are formed in a highly oriented state and more recently they have 
succeeded in obtaining fairly well oriented bulk samples of the material by cold drawing. 
This paper describes experiments, carried out on specimens kindly provided by Dr. 
Buny, to investigate whether the friction depends on the orientation of the molecular 
chains. It also includes a consideration of the part played by deformation losses in the 
friction of PTFE. 


FRICTION OF PTFE on PTFE 


The oriented PTFE sample was a bar (0.34 in. x 0.32 In. in cross section) which had 
been pulled 280% at 20°C at approximately 0.05 in. /min. X-ray diffraction showed 
that the molecular chains were oriented preferentially in the direction of drawing, 
the angle of alignment lying within + 35° (the angular width at half intensity is 
about 35°). 

A flat slab and a hemispherical slider of radius approximately 5 mm were cut from 
the bar. The surfaces were prepared by careful abrasion under water and microscopic 
examination of the surface showed that there was no abrasive embedded in the PTFE. 
Four main directions of sliding were studied as shown in Fig. r. It is evident that 
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direction (c) is essentially the same as direction (d) and the friction behaviour may be 
expected to be very similar. ad, oe: 

The measurements were carried out at room temperature on a modification of the 
Eldredge friction apparatus‘, at a sliding speed of about I mm/sec. The results are 
shown in Fig. 2. There are two main features. First the coefficient of friction diminishes 


b d 


Fig. 1. The four possible directions of sliding for an oriented PTFE slider on an oriented PTFE 
surface. 


0,04 


0.03 


0.02 


0.01 


3060 125 250 500 [ee;e) 


LOAD (g) 


Fig. 2. The variation of the coefficient of friction between an oriented PTFE, hemispherical slider 
and an oriented PTFE surface with load. 0, direction (b): X, direction (a): A, directions (c) and (d), 
an average value. 


with increasing load, and can be adequately described by the relation u = kw~9-12, 
Secondly, direction (b) gives the largest friction; direction (a) the smallest; and 
directions (c) and (d) give comparable frictions of intermediate value (a detailed 
examination of the results shows, however, that direction (d) consistently gives a 
slightly higher value than direction (c) — an average value is plotted in the graph) 
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Thus the friction is highest when the molecules are parallel and slide across each 
other, and least when they slide along one another; the coefficient of friction is 
different in the two cases by about 30%. 


SHEAR STRENGTH OF ORIENTED PTFE 


The adhesion theory of friction postulates that the friction force arises from the 
shearing of localised junctions at the sliding interface. Therefore the above friction 
measurements suggest that the specific shear modulus at the interface should be 
dependent upon the angle between the direction of shear and the molecular chains. 

A simple jig for shearing small cylindrical specimens of the oriented PTFE was 
constructed, the essential features of which are illustrated in Fig. 3. The preferred 
molecular orientation of the specimens lay in a right section of the cylinder. This was 


Fig. 3. Schematic diagram of shearing jig. 


also the shearing plane and hence the specimens could be sheared either parallel or 
perpendicular to the chains. The jig was fitted in a standard Hounsfield Tensometer 
and the specimens were sheared at approximately 0.2 mm/sec. Figure 4 shows traces 
typical of those obtained. 


(a) Cb) 


Fig. 4. Typical tensometer traces. (a) Direction of shear parallel to the preferred molecular chain. 
(b) Direction of shear perpendicular to the preferred molecular chain direction. 


When one surface slides over another there are several asperities making real 
contact and forming local adhesion junctions and at any one instant these junctions 
are in varying stages of the shearing process. The friction force then is equal to the 
sum of the forces at each junction and this is proportional to the integral of the shear- 
ing force over the life of any one junction®.®. It was found experimentally that the 
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area under trace (b) (for shearing across the chains) was approximately 45% greater 
than that under trace (a) (for shearing along the chains). This suggests that the friction 
forces for sliding in these two directions should also differ by 45%. This is in reason- 
able agreement with the difference found in the friction experiments. 


FRICTION BETWEEN STEEL AND PTFE 


Deformation component of friction 


It has already been pointed out in earlier papers? that when one body slides over 
another the friction can generally be expressed as the sum of two terms: ws = Wa+pr, 
where wa is the part of the friction due to adhesion and we the part due to deforma- 
tion. If the adhesion term is not too large, then the deformation term pe is essentially 
the same as that involved in free rolling. Experiments were carried out in which a 
steel sphere was rolled and slid over surfaces of PTFE. The supply of oriented PTFE 
was limited, and so runs were carried out on a single track, the load being increased 
by a factor of two in successive traversals. The load range was 15 g to 2,000 g. 

The rolling resistance was measured both along and across the molecular chains 
and it was found to be independent of the orientation. Figure 5 is a plot on logarithmic 


10 10? Io? 10% 


Load (g) 


Fig. 5. The variation of the friction force for an initial traversal of a steel ball rolling on a PTFE 
surface with load, plotted on logarithmic coordinates. The friction is independent of the direction 
of rolling. The points shown are the average for the two directions. CO, 2 mm ball; 0, 5 mm ball; 

A, 20 mm ball. j 


coordinates of the rolling resistance as a function of load for spheres of different 
diameters. These results show that Fp is roughly proportional to W1-55 and, from 
the variation with ball diameter, that Fp is proportional to D-1-1. On dimensional 
grounds we would expect a relation Fp = KW(«+1) D-2« (see APPENDIX). The ex- 
perimental results agree with this relation, and suggest % = 0.55. 
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Adhesion component of friction 


Sliding friction results are shown in Fig. 6 for a 5 mm steel ball sliding across the 
molecular chains. It is seen that the friction coefficient ws first decreases with in- 
creasing load and then increases. The reason becomes clear if it is realised that at 


Hs 
0.06 io ae 
O 
P Siar 7 ae 
0.03 mS nae pe sy ( 
oe AR Sg CHs" Ha)” Ha 


25a25® SOO |IOOO 2000 


LOAD (gq) 


Fig. 6. The variation of the coefficient of sliding friction (us) between a 5 mm steel ballanda 

PTFE flat with load for sliding across the molecular chains only. The coefficient of rolling friction 

(ur) is also plotted. The dotted line shows the difference (4s — wr); this is the adhesion component 
of friction (wa). 


heavier loads the deformation term becomes more important. This quantity, wr, 
(which was determined from the rolling friction experiments) is drawn on the same 
graph: the difference, shown by the dotted line, is considered to be the adhesion 
component of the friction. This decreases monotonically with increasing load and the 
behaviour can be well described by a relation 


fea = aw 


where the index of W, deduced from measurements with 2 mm, 5 mm and 20 mm 
balls, is — 0.14 + 0.02. 

If the adhesion component is due to the shearing of adhesions at the interface we 
should expect an analogous relation between the area of contact and the load. To 
test this, indentation measurements were carried out with hard spheres and the area A 
of the indentation measured as a function of load. It was found that the relation 
between A and W can be written: A = kW®-86, If we assume that the true area of 
contact is equal to A (or to a constant fraction of it) the adhesion friction may be 
written: F4 — ks W®-86, where s is the mean specific shear-strength of the interface, 
and we get wa = ks W~°-14, which is close to the observed relation. The value of s is 
about 0.1 kg/mm? for a steel to PTFE interface which is rather lower than values 
obtained in other work, but is of the same order of magnitude. 
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Effect of orientation on the adhesion component of friction 

The results plotted in Fig. 7 are calculated from data obtained for a 5 mm steel 
ball rolling and sliding both along and across the direction of the molecular chains. 
The adhesion component of friction was calculated by subtraction as indicated above. 
It is seen that the same law is obeyed in both directions, but that the adhesion com- 
ponent of friction across the molecular chains exceeds that along the chains by al- 
most 20%. 


0.05 


I. Along molecular chains 


0.04 II. Across molecular chains 
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O.Ol 


ADHESION COEFFICIENT OF FRICTION (pc - He) 
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Fig. 7. The variation with load of the adhesion component of the coefficient of friction (wa), fora 
5 mm steel ball sliding on an oriented PTFE surface in the two main directions. ; 
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Fig. 8. The variation of the coefficient of sliding fricti i 
g friction with load for an oriented PTFE slid 
a polished surface of mild steel. o, sliding perpendicular to the molecular chains: A eine 
parallel to the molecular chains. a th : 
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Experiments were also carried out with a hemispherical PTFE slider on a flat 
steel surface. In this case there is no progressive deformation of the PTFE during 
sliding, so that we may expect the friction to be primarily that due to adhesion alone. 
Results in Fig. 8 show that this is so: the friction is essentially the same as the 
adhesion component plotted in Fig. 7. The variation with load is similar and again the 
friction is higher when the slider traverses the steel in a direction at right angles to 
its molecular orientation (though the difference is not quite so marked). 


DISCUSSION 


These experiments have shown that the friction of a steel slider on PTFE can be 
expressed in the form 


fs = AW-0-14 4 HY +0.55 


where the first term is the adhesion component and the second the deformation term. 
Since the interfacial adhesion on PTFE is small the second term may well constitute 
an appreciable part of the total friction at the higher loads. Similar results have been 
described for wood’. The effect of orientation on the friction is small but definite. 
With steel sliding on PTFE the friction is consistently higher when sliding occurs 
across the molecular chains. It is the adhesion term which changes: the deformation 
(or rolling) term is almost independent of orientation. 

A similar but more marked effect is observed when PTFE slides on PTFE: the 
most contrast is observed when the orientation of the slider and surface are parallel. 
Sliding across the chains gives a friction of about 30% higher than sliding along the 
chains. If the surface of the slider is altered appreciably during the machining 
process then its molecules will probably be less well oriented. Therefore the directions 
(c) and (d) of Fig. 1 will no longer be equivalent and hence we may expect direction 
(d) to give the higher friction. Also the effect of orientation for a PTFE slider on 
steel should be less marked. Both these two effects are observed and are probably 
due to the fact that the hemispherical slider loses some of its molecular orientation 
in the machining process. _ 

It is interesting to note that in some preliminary experiments on nylon drawn 
400%, PAscoE and Tagor® found no detectable effect of orientation. The reason that 
a directional effect is observed with PTFE but not with nylon may be because 
PTFE is probably unique amongst polymers in its ability to form in a highly 
crystalline state (BUNN, COBBALD AND PALMER?). A dependence of friction on orientation 
has been observed with other crystalline materials if the crystal structure is not 
destroyed by the sliding process itself; this is particularly marked with diamond®. No 
simple explanation of the frictional dependence on orientation has been given but the 
low friction values are probably connected with the smoothing out of the potential 
field in certain directions. 
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APPENDIX 


When a relation such as F = WD» is obtained by experiment it is very difficult to 
know whether the expression is dimensionally correct. However, using dimensional 
analysis, a simple expression for the dependence of the friction on load and ball 
diameter can be derived giving a relation between the indices x and y. 

Consider a ball diameter D resting on the surface under a static load W (Fig. ga). 
Suppose the ball sinks into the material such that the diameter of the circle contact 
is d. Then this diameter d will be a function of the load W, the ball diameter D and 
the strength modulus # of the material, (the particular modulus appearing in the 
relation does not matter: whether the deformation is elastic or plastic 7 will have 
the dimensions of a pressure). Thus: d = fn(W, D, 9), and it follows at once that 


z 
d=h (") D(i.-22) (1) 


where the index x may take any value. (In this appendix fi, ke, Rs, Ki, Ko, Ks, etc. 
are constants.) 


Sliding friction 
If we assume that the friction arises from the force necessary to shear the adhesion 

at the interface and that the true area of contact is equal to the apparent area A 
(or to a constant fraction of it), then the friction will be a function of the diameter 
of the area of contact and a shear modulus s. Even if the shear strength is dependent 
upon the normal pressure, it will still have the dimensions of pressure thus: 

F = fn (s(p)d) 
it follows immediately that 

F = hz s(p)d? 


Substituting for d we obtain the relationship 
Ww 2a 
F = hss (7) D2-22) (2) 


let (2v—1) = m then the expression for F as a function of W and D becomes 


Wm 
F = K —— 
D2m 
or 
KkWm 
wa Red 5p (3) 


If the deformation is elastic, then according to HERTz!° the index in eqn. (I) is 
+ 4. This gives m = — 4. Thus 
F = KW23 p23 
which is the well-known expression for the friction force in the elastic region. 
Equation (3) is equivalent to that obtained by PASCOE AND Tagpor’ by a different 
analysis; also putting m = — 4 we obtain 
F = KW! 2/9 


which is the relation obtained by HowELt AND Mazur?! and ARCHARD!? for the 
frictional force under multiple point contact. 
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Rolling friction 


If the interfacial effects are unimportant then the rolling friction may be considered 
to arise from a shift of the normal reaction from the central line OP to the line SO by 
a distance z as shown in Fig. gb. (A similar argument was given by Dupurt!.) Our 
major assumption is that the distance is a constant fraction of d. This is equivalent to 
postulating that a constant fraction of the energy is lost in rolling. 


Fig. 9. Forces acting in sliding and rolling, 


Then the rolling friction F may be written 
TD =a eV ead 
F = ha(d/D)W (4) 
Eliminating d between eqns. (1) and (4) we obtain an expression for F: 


We-tl 
wn 
Watt 
nt 
D2« 


F =k; D-24# 


(5) 


We may again consider two simple cases. If the deformation is elastic then the index 
~ in equation (I) is again 4 (HERTz!°). Thus 


W443 


F = Ky— 
D2/3 


which is the relation already derived by TaBor!4 the constant Kj containing the elastic 
modulus and the hysteresis loss factor. 

If the deformation is plastic d is nearly independent of D so that x = } (see eqn. (1)). 
This gives 


F = K,W32D-1 


where Ke contains the yield pressure. The observed result for the initial traversal of a 
steel ball rolling on PTFE is very close to the latter expression. 
It may be noticed that the eqns. (3) and (5) are similar and it seems therefore that 
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a general expression for the friction of a hard sphere of diameter D under a load 
W must be of the form 
W-tl 


ers Ks D2 


for it to be dimensionally correct, for both the adhesion and the deformation compo- 


nent. 
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SUMMARY 


The coefficient of static friction under static loads with normal pressures of about 10,000 p.s.i. and 
under dynamically applied loads ranging from 10,000 to 20,000 p.S.1. were determined. The test 
apparatus was so arranged that dynamically applied normal and tangential loads are applied 
simultaneously. 

Results are given for combinations of steel rubbing on steel, titanium on steel, uranium on 
uranium, titanium on uranium, beryllium on uranium, and beryllium on titanium. 

Conclusions are that: 

(i) For certain combinations of metallic surfaces such as steel on steel and titanium on steel, 
the coefficient of static friction under a dynamically applied load is different from and less than 
the coefficient of friction under a static load; whereas for some other combinations of metals such 
as uranium on uranium, titanium on uranium, beryllium on uranium, and beryllium on titanium, 
the coefficient of static friction is essentially the same for static and dynamically applied loads. 

(ii) For some of the metals the coefficient of static friction was considerably changed by slid- 
ing under the applied loads. 

(iii) Titanium on steel shows a peculiarity not exhibited by any of the other metals tested. A 
small amount of slipping causes the kinetic coefficient of friction to rise above the previous static 
coefficient of friction. 


INTRODUCTION 


The purpose of this investigation was to determine the behavior of the coefficient of 
static friction between two dry metalic surfaces under relatively high normal pressures 
created by both statically and dynamically applied loads, and, by comparing data 
for statically applied loads with data for dynamically applied loads, to determine 
what effect dynamically applied loads have on the coefficient of friction. A lowered 
coefficient of friction under dynamically applied loads suggests a break-loose effect 
such as that exhibited by a sudden blow loosening a stubborn nut from a bolt; this 
would be an important consideration in cases where friction is used to hold together 
parts that are subject to vibration and shock. 


APPARATUS GENERAL 


The apparatus, Fig. 1, uses a simple method of having one specimen rest on an in- 
clined plane surface of the other specimen, with the resultant load being applied 
vertically. When the tangent of the angle that this inclined surface makes with the hori- 
zontal exceeds the static coefficient of friction, the upper specimen will slide over the 
lower one. The upper specimen, Fig. 2, is loaded with a vertical load through bearings 
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Fig. 2. Details of friction measuring apparatus. 
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attached to its holder. The specimen is so placed in its holder that the bearing axis 
passes through the center of the interface between the two specimens so that this 
load and the friction forces exerted on the surface of the upper specimen will not 
exert a couple on the specimen. 

A hydraulic jack varies the angle of inclination of the specimen surfaces, and a 
protractor measures this angle of inclination. A differential transformer detects small 
movements of the upper specimen holder. An adjustable stop limits the amount of 
slipping that will take place. 


TEST PROCEDURE FOR STATIC LOADS 


Specimens were loaded by weights placed on the loading rod. Then their surfaces 
are gradually inclined until slipping occurs. The tangent of this angle of inclination 
is then taken as the coefficient of static friction. The amount of slipping is limited to 
about 0.050 in. 

After slipping, the specimens are returned to their original position, and the test 
is repeated. Successive measurements of the coefficient of static friction are made in 
this manner until either there is no further change in the coefficient of friction, or 
the specimen surfaces are destroyed by galling. 


Test procedure for titanium 

In testing titanium, the upper specimen often slipped over the lower specimen a 
small amount and then stopped before sliding the full 0.050 inches. In this case the 
test was repeated after each slip by increasing the angle of inclination until the 
specimens slipped again. The specimens were not returned to their original position 
until they had slipped a total of 0.05 inches. 


Preparation of specimens 

Immediately prior to use, the surfaces of mild steel and titanium specimens were 
polished on 00 metallographic paper, and all specimens were washed in alcohol to 
remove dust and grease films. 


Determination of normal pressures 

The actual dimensions of the upper specimen surface was 3 x 2 in. corresponding 
to an area of 0.14 sq. in. The statically applied normal load on the specimens was 
such that the pressure based on this area would be about 5,700 p.s.1. However, the 
specimens were never observed to make full contact over this area. Hence the contact 
area was estimated from the portion of the slider that had been rubbed. Normal 
pressure based on this area was generally about 12,000 p.s.i. and is given as the 
estimated normal pressure in the results. Because rubbing may have taken place on 
different portions of the slider at different times, the true normal pressures may have 
been even higher than those estimated. 


Apparatus and test procedure for dynamically applied loads 

The apparatus used for static loading tests was modified for dynamically applied 
load tests. The dynamic load is achieved by dropping a plunger weighing ten pounds 
from a height of eight inches onto a rubber cushioned stop which is attached to the 
loading rod. In addition to the dynamic load, a static load is applied to the same 
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loading rod by weights which rest on a rubber cushioned plate attached to the bottom 
of the loading rod. The rubber cushions on the bottom plate have sufficient static 
deformation to isolate dynamically the static weights from the loading rod so that 
they exert a constant force on the loading rod during the time that the dynamic load 
is applied. This static part of the load is large enough so that if the dynamic load is 
negative the net load on the specimen will still be positive. 

To measure and record the dynamic load (see Fig. 3) the lower specimen was 
supported near its two ends by a small fixed end beam that had a strain gauge 
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OSCILLOSCOPE 


SLIP INDICATOR 
CIRCUIT —> 
CONTACT 


RESISTANCE — 
MEASURING CIRCUIT 


TRICAL | SPRING 
UPPER Sree IC. oases 


ACTIVE 


STRAIN GAGES CompENSATING 


Fig. 3. Contact resistance and slip indicator circuits. 


attached to its underside. With the strain gauge properly centered it is sensitive only 
to the total normal load and is unaffected by the distribution of load on the two 
specimen supports. The normal load was amplified and displayed on one channel of 
a dual channel oscilloscope. 

Changes in contact resistance between specimens were detected by passing a 
current of about five amperes across the interface of the specimens. The voltage 
drop across the contact surfaces was displayed on the other channel of the oscillo- 
scope. 

To detect movement or slipping of the upper specimen, the differential transformer 
used for static loading was replaced by a small spring-loaded contact that pressed 
against the upper specimen holder. When the specimen holder moves about 0.005 in. 
or less the contact is broken and causes a capacitor to superimpose a short pulse on 
the normal load trace of the oscilloscope. The sweep of the oscilloscope was triggered 
by the falling plunger closing a switch, and the time scale was calibrated by an audio 
signal generator. Photographs were taken of the oscilloscope trace. 

The general test procedure was to repeatedly apply the dynamic load while in- 
creasing the preset angle of inclination by one degree for each trial until slipping 


Wear, 4 (1961) 401-412 


COEFFICIENTS OF STATIC FRICTION UNDER STATIC LOADS 405 


occurred. As in the static test, the specimen was allowed to slip 0.050 in. In testing 
titanium which frequently did not slip the full 0.050 in., the angle of inclination was 
increased in one degree increments until slipping had covered the full 0.050 in. 

Oscillograph pictures were not taken for every trial but for a sufficient number of 
trials to establish the character of the dynamic loading and the slipping process 
which had good reproducibility. 


RESULTS 
Static loading 
Coefficient of static friction for the following pairs of metallic surfaces were deter- 
mined. Mild steel slider on a mild steel block, titanium (RC-130B) slider on mild 
steel block, uranium slider on uranium block, titanium (IRC-130B) slider on uranium 
block, beryllium slider on titanium (RC-130) block. 


TABLE I 


RESULTS FOR COEFFICIENT OF STATIC FRICTION UNDER A STATICALLY APPLIED LOAD 


Slider Block Est. normal Corjficients of jrictson 
material material pressure aia Steady* Galling** 
Steel Steel 1,500 0.26 0.45 17, 
Steel Steel 10,000 0.20 0.50 16 
Ti(RC-130B) Steel 2,500 0.28 0.50 mild 
Ti(RC-130B) Steel 10,000 0.18 0.40 mild 
Uranium Uranium 12,000 0.30 0.32 20 
Ti(RC-130B) Uranium 12,000 0.16 0.33 mild 
Beryllium Uranium 12,000 O17, 0.21 none 
Beryllium Ti(RC-130B) 12,000 0.33 0.43 mild 


** Number of trials made before severe galling occurred. 
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Fig. 4. Coefficient of friction, (static load), steel slider on steel block. 
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Results are tabulated in Table I and plotted in Fig. 4, 5, and 6. In general, the 
coefficient of static friction depends on the number of trials during which sliding 
takes place. Figure 5 typifies the behavior of steel on steel and certain other com- 
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Fig. 5. Coefficient of friction, (static load), uranium, beryllium, and titanium. 
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Fig. 6. Coefficient of friction (static load), uranium, beryllium and titanium. 


binations of metals. The coefficient of static friction as a function of the number of 
trials has three different parts or trends. 


In the first part the coefficient of friction increases with the number of trials in a 
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somewhat linear fashion and must be due to alteration of the surface by slipping. Why 
this happened was not determined; but one could conjecture that cleaning of the 
surfaces of residual contaminants and oxides, etc., by rubbing was in part responsible. 
In addition, the surfaces may have been altered by work hardening of the asperities. 
In the second part the static coefficient of friction maintained a more or less constant 
value which seemed to obey Amontons’ Law. However, the total number of trials for 
this period could be decreased by higher normal pressures. If the surfaces become 
galled, there is a third period of rapidly increasing coefficient of friction. 


Behavior of titanium on other metals 


When a titanium RC-130B slider was tested on other metals, the slider frequently 
moved only a very short distance after slipping started, and then stopped: whereas 
with pairs of metals not involving titanium, slipping would continue once it started. 
For titanium the kinetic coefficient of friction {4x must increase rapidly with sliding 
until it exceeds the original value of static coefficient of friction fs. Figure 7 is a 
qualitative illustration of what is presumed to occur. 


S OF FRICTION 


COEFFICIENT 


SLIDING DISTANCE 
Fig. 7. Slip-stick motion (qualitative). 


For titanium on steel this “stickiness” decreased with increasing number of trials 
and tended to disappear when the static coefficient of friction reached a steady value. 
However, if the specimens were allowed to be load-free for 24h, this “‘stickiness”’ would 
return. It was observed that the smaller the apparent contact area normal pressure, 


the greater the “‘stickiness’’. 


Dynamic loading 
The pairs of metals tested with dynamically applied loads are the same as for 


static loading. 
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Figures 8 through 10 are oscillograms showing traces of the dynamic load applied 
to the specimens and contact resistance between them. They show a load increasing 
from an initial statically applied load of 825 lb. to a maximum of about 1400 Ib. in 


“LOAD 966 L'BS/DIV, 


~ AR- 00114 OHMS/DIV. 


TIME- 5 MILLISECONDS/ DIV. 


Fig. 8. Oscillogram of normal load and contact resistance, no slipping. 


AR-00103 OHMS/DIV, LOAD 970 LBS/DIV. 
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Fig. 9. Oscillogram of normal load and contact resistance, slipping occurs before peak load. 


4 msec. Owing to the elasticity of the apparatus more cycles of diminishing amplitude 
follow. This dynamically applied load corresponds to normal pressures based on con- 
tact area rising from about 12,000 to about 21,000 p.s.i. The change in contact resist- 
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ance is small, order of 0.001 ohms or less when there is no slipping. But when slipping 
occurs the change in contact resistance may be several times as great. When slipping 
takes place, it nearly always occurred in the first cycle of loading but did not consist- 
ently occur in any particular part of this cycle. Figure 8 shows a loading cycle in 
which no slipping occurred. Figure 9 shows slipping while the load is rising, and Fig. 10 
shows slipping just after the dynamic load reached its peak. Note in Figs. 9 and 10 
the close correspondence between the slip marker in the load trace and a sudden rise 
in contact resistance. 
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Fig. 10. Oscillogram of normal load and contact resistance, slipping occurs at peak load. 
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Fig. 11. Coefficients of friction (dynamic load), steel slider on steel block. 


Wear, 4 (1961) 401-412 


ee Se BO SS ESE 


410 E. W. GAYLORD, H. SHU 


The fact that there was no consistency in what part of the loading cycle slip occur- 
red indicates that the slipping is not induced by some dynamic behavior of the appa- 
ratus that would cause the tangential load to increase out of proportion to the normal 
load on the specimen. Further assurance is given by the fact that some materials 
had the same coefficient of static friction under dynamic loads as they did under 


static loads. 
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Fig. 12. Coefficients of friction (dynamic load), titanium slider on steel block. 
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Fig. 13. Coefficients of friction (dynamic load) uranium slider on uranium block. 
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For steel rubbing on steel (Fig. rr) the coefficient of friction under dynamically 
applied loads is less than it is under statically applied loads, and for titanium rubbing 
on steel (Fig. 12) this is also true up to the point where the specimens are badly 
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Fig. 14. Coefficients of friction (dynamic load) titanium slider on uranium block. 
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Fig. 15. Coefficients of friction (dynamic load) beryllium slider on uranium block. 
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galled. However, for the other combinations of metals tested, all of which did not 
involve steel (Figs. 13-16) the static coefficient of friction under dynamically applied 
loads seems to be at least as high as it is under statically applied loads. 
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Fig. 16. Coefficients of friction (dynamic load) beryllium slider on titanium block. 


CONCLUSION 


The reason why steel on steel and titanium on steel made the coefficient of static 
friction lower for dynamic loads than for statically applied loads was not ascertained. 
However, the results do show that the coefficient of static friction under statically 
applied loads may not be a reliable value to use for dynamically applied loads. 
In view of the importance of the coefficient of friction in engineering applications 
where friction must be relied upon to carry loads, knowledge of the coefficient of 
friction under dynamically applied loads would be desirable. 
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Authors’ Abstracts 


Surface Re-orientation, Friction and Wear, in the Unidirectional Abrasion of Graphite 


P. V. K. PorGEss anpD H. WitmAn. Proc. Phys. Soc. (London), 76 (1960) 513-525; 
e ligs.,. 21 refs. 

Surface structure, friction and wear are investigated and correlated in the case of 
abrasion of graphite by emery papers of particle diameter D = 5-150 microns. 
For graphite and also for metals, the coefficient of friction uw of specimens approxi- 
mately 1 cm long or more is low on the fine grades of emery, but rises rapidly with 
increasing D and then is practically constant at D > 50 microns. The ploughing 
component fp is concluded to be larger than the adhesion component fa when D 
is of the order of 30 microns or more. Earlier views that wp increases linearly with 

D and is always small are evidently incorrect. 

_ Electron diffraction shows that the abrasion causes a re-orientation of the graphite 
at and near the surface by plastic flow by slip on (ooor). A [oor] “‘fibre orientation” 
is developed (the usual compression texture) with its mean axis along the resultant 
of the normal load and the tangential frictional force, at tan! « (whatever the value 
of «) to the specimen normal, towards the direction from which the abrasive par- 
ticles came. 

The wear per unit distance M also rises rapidly with D and then shows a much 
slower rate of increase at D > 80 microns. The plot of M against uw is a strongly 
curved locus at 200 g load, and is still curved even at 25 g load, for graphite, while 
for metals it is linear at least up to 2 kg load (GoDDARD, HARKER AND WILMAN, 
1959). The difference in nature of the abrasion is also seen microscopically ; cracking 
and some breakaway of graphite fragments occurs near the individual grooves, and 
is associated with a volume—wear rate about four times that of metals, at D > 50 
microns. 

A method of comparing the hardness of the work-hardened surface regions of 
abraded materials in terms of abrasion-groove widths is described. For the graphite 
specimen used this is of the order of one-fifth that of silver; the effective Vickers 
hardness is thus of the order of 20, and this agrees with estimates made using a 
diamond indenter. 
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Systematic Abstracts of Current Literature 


a 


Selected from the literature and from Battelle Technical Review 1961 


~ 


1. DEFORMATION AND FRACTURE 


A New Approach to the Analysis of the De- 
flection of Thin Cantilevers. 

R. Frisch-Fay. J. Appl. Mech.(ASME Trans., 
Ser. E), 28 (1) (1961) 87-90. 

Proposes a new method for the calculation 
of large deflections. Slender bars under point 
loads are traced back to the strut problem, 
thus bypassing the solution of nonlinear dif- 
ferential equations. 


Some Gyroscopic Oscillations. 

C. J. Thorne. J. Appl. Mech. (ASME Trans., 
sey. EB), 28 (1) (1962), 57-66. 

Consideration is given to the nonlinear terms 
in the differential equations governing the 
motion of gyroscopes under constant accele- 
ration and a “‘correcting’’ torque. Unstable 
oscillations are noted when a correcting tor- 
que is present and the nonlinear terms are 
included. 


Transient Thermal Stresses in a Circular 
Cylinder. 

C. K. Youngdahl and Eli Sternberg. J. Appl. 
Mech. (ASME Trans., Ser. E), 28 (1) (1961) 
25-34: 

An exact solution for the transient tempera- 
ture distribution, as well as for accompanying 
quasi-static thermal stresses and deforma- 
tions, which arise in an infinitely long elastic 
circular shaft if its surface temperature un- 
dergoes a sudden uniform change over a finite 
band between two cross sections and is stead- 


ily maintained thereafter. The solution giv- 
en is in the form of definite integrals and 
infinite series, whose convergence is discussed. 


Crack Initiation and Propagation in High 
Strength Alloy Sheets. 

Georges Sertour. (Advisory Group for Aero- 
nautical Research and Development). AGA RD 
Bibliography 3, Oct. 1960. 26 pp. 

This bibliography on “‘Crack Initiation and 
Propagation in High Strength Alloy Sheets”’ 
was originated at the request of the Struc- 
tures and Materials Panel of AGARD. Its 
purpose is the collection of knowledge of this 
topic to enable intelligent research recom- 
mendations to be made. References listed 
were provided by the members of the AGARD 
Documentation Committee. 


High-Speed Impact. 

A. C. Charters. Sci. American, 203 (1960) 
128-140; 16 figs. 

A comparative study on observations of high- 
speed impacts produced in the laboratory, 
solids in solids and liquids in liquids. Many 
original photographs from work done at U.S. — 
Government Laboratories. 

A discussion is given of the physical meaning 
of the shape of craters made in the laboratory 
and possible extrapolations to the origin of 
craters produced by meteors on the surface 
of the earth and finally to lunar craters. 


2. ADHESION AND FRICTION 


The Mechanics of Adhesive Bonding. 

N. K. Benson. Appl. Mechanics Revs., r4 (2) 
(1961) 83-87; 44 refs. 

Survey covering the following fields: 
Analytical Aspects: Lap joints in tension; 
Scarf joints; Butt joints; Tubular joints; Lap 
joints in edgewise shear; Internal stresses; 
Peeling. 

Discussion of Practical Aspects: Materials; 
Lap joints; Peeling. 

Structural Applications 

Current Problems of Adhesive Bonding 


Elastomeric Adhesion and Adhesives. 
C, L. Weidner and G. J. Crocker. Rubber 
Chem. and Technol., 33 (5) (1960) 1323-1374; 
18 figs., 6 tables, 196 refs. 
I. Introduction 
Il. Interfacial forces 
A. Bond energy calculations 
B. Wetting angles and surface tension 
measurements 
C. Adsorption and heats of wetting 
D. Electrostatic measurements and 
adhesion 
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E, Rate theory of adhesion. 
III. Interfacial contact 
A. Surface roughness 
B. Rheology and tack 
IV. Bulk effects 
A. Rheology of setting 
B. Rheology of loading 
V. Joint strength 
VI. Making the joint 
A. Surface preparation 
B. Bonding methods 
VII. Elastomeric adhesive materials 
A. General requirements and uses 
B. Natural rubber and derivatives 
C. Synthetic rubbers 
VIII. Test methods 
A. Component testing 
B. Strength tests of joints 
IX. References 


A comprehensive review up to 1960 


Friction Studies on Rubberlike Materials. 
F. S. Conant and J. W. Liska. Rubber Chem. 
and Technol., 33 (5) (1960) 1218-1258; 11 figs., 
1 table, 165 refs. 
I. Introduction 
II. The mechanism of friction 
A. The adhesion term (external friction) 
B. The deformation term (internal fric- 
tion) 
III. The laws of friction 
A. Effect of load 
B. Effect of velocity 
C. Effect of area of contact 


D. Effect of nature of materials in con- 
tact 
IV. Effects associated with friction 
A. Wear 
B. Temperature effects 
C. Noise 
D. Electrical 
V. Antifriction rubber 
VI. References 


A comprehensive review up to 1960. 


Resistance of a Sphere to Rolling on a Plane 
(or “(the Friction of Rolling’’). (in Russian) 
B. A. Arefev and I. M. Sivokonenko. Trudy 
Leningrad Inst. Aviats, 19 (1958) 127-143; 
Source: Appl. Mechanics Revs., 14 (5) (1961) 
415. ref. Zhur. Mekh., no. 9 (1959) Rev. 10472. 
A semi-empirical approximate evaluation is 
derived to indicate the resistance forces exert- 
ed when a sphere is rolled along a plane, the 
assumption being that this resistance is con- 
ditioned by the elastic tangential stresses 
evoked in consequence of the cohesiveness of 
the sphere to the plane over the whole area 
of the region of elastic contact. A graphical 
comparison is made of the experimental re- 
sults with the computational, using the ap- 
proximate formula. 


Metallic Contact and Friction between Slid- 
ing Surfaces. 

M. J. Furey. ASLE Trans., 4 (1) (1961) I=11; 
17 figs., 3 tables, 14 refs. 

For abstract see Wear, 3 (1961) 248. 


3. LUBRICATION AND LUBRICANTS 


3.1 Lubrication 


Plane Nonlinear Problem on Steady Motion 
of Lubricant Between Bearing and Journal. 
(in Russian) 

A. K. Nikitin. Izvest. Akad. Nauk S.S.S R., 
Otdel. Tekh. Nauk, 4 (1959) 11-21; source: 
Appl. Mechanics Revs., 14 (5) (1961) 414-415. 
For the case when the liquid fills the entire 
space between shaft and bearing, an existence 
and uniqueness theorem is proved for the 
solution of the nonlinear problem, consider- 
ing a sufficiently small region occupied by 
the lubricant. From the theorem follows the 
convergence of the solution, expanded in a 
series of positive powers of the Reynolds’ 
number, for sufficiently small values of the 
latter. The solution itself is found in bipolar 
coordinates. The reaction of the lubricant 
film on the shaft is determined with an accu- 
racy up to third-order terms with respect to 
Reynolds numbers, and the effect of the 
nonlinear inertia terms is demonstrated. 


Non-Newtonian Flow and the Oil Seal Prob- 


lem. 
R. I. Tanner. J. Mech. Eng. Sci., 2 (1) (1960) 
25-28. 


An analysis of the contents of this paper and 
reference to further literature is made by L. 
B. Sibley in Appl. Mechanics Revs., 14 (6) 
(1961) 500-501. 

The problem of “‘The Reiner Centripetal ef- 
fect in Face Seals” has been discussed in the 
meantime in a contribution by R. I. Tanner 
to the International Conference on Fluid 
Sealing. The author concludes that in most 
cases the small order of magnitude of the 
non-Newtonian effects will render them un- 
important. 


Ultrasonic and Visco-Elastic Relaxation in 
a Lubricating Oil. 

N.S. Taskopriilii, A. J. Barlow, and J. Lamb. 
J. Acoust. Soc. Am., 33 (1961) 278-285. 
Structural relaxation appears to play an 
equally important part in determining the 
second viscosity of the hydrocarbon oil as it 
does in associated liquids. 


On Turbulent Lubrication. 
Vv. N. Constantinescu. Proc. Inst. Mech. 


Engrs., 173 (38) (1959) 24 PP- 
Proceeding from the Reynolds’ equations and 
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introducing the approximations currently 
used in lubrication problems, general motion 
equations for turbulent lubrication are writ- 
ten. 


Lubrication of Two Cylindrical Surfaces, 
Considering Cavitation. 

Leif Floberg. Tvans. Chalmers Univ. Technol., 
Gothenburg, No. 234 (1961) 36 pp. 

Treats hydrodynamic lubrication of two 
rotating rigid cylinders. These are lightly 
loaded and the lubricant viscosity is constant. 


Transient Lubrication of an Accelerated 
Infinite Slider. 

F. A. Lyman and E. A. Saibel. ASLE Trans.; 
4 (1) (1961) 109-116; 6 figs., 9 refs. 

For abstract see Wear, 4 (1961) 248. 


The Behavior of Lubricating Oils in Inert 
Gas Atmospheres. 

A. Beerbower and D.F. Greene. ASLE Tvans., 
4 (1) (1961) 87-96; 3 figs., 9 tables, 17 refs. 
For abstract see Wear, 4 (1961) 250. 


The Effect of Lubricant Viscosity and Com- 
position on Engine Friction and Bearing 
Wear. 

E. H. Okrent. ASLE Trans., 4 (1) (1961) 
97-108; 9g figs., 12 tables, 16 refs., and Dis- 
cussion. 

For abstract see Wear, 4 (1961) 250. 


Space Age Lubrication. 

Chem. Eng. News, 39 (17) (1961) 117-124; 
11 figs. 

General survey on liquid and solid lubricants 
with special reference to engineering. 


The Lubrication Requirement of Nuclear 
Powered Surface Vessels—Design Consider- 
ations. 

E. H. Okrent. Lubrication Eng., 17 (1961) 
218-225. 

Considers the effect of nuclear surface-vessel 
design on the functional requirements of lu- 
bricants. The critical design features of po- 
tential nuclear surface propulsion systems 
are reviewed to determine the physical re- 
quirements imposed on the lubricant by the 
total environment, radiation being only one 
of the many factors to be considered. Indi- 
cates that the lubrication problems of nuclear 
propelled ships are similar to those of their 
conventional fossil-fueled counterparts. Ra- 
diation stress, the main new environmental 
feature, is a consideration only in those com- 
ponents which are associated with the nuclear 
heat source (control rods, etc.), and then it 
is generally not a controlling consideration. 
The lubricants for the propulsion gear and 
its auxiliary systems present no new lubri- 
cation problems. However, leakage and _pri- 
mary coolant contamination requirements 


often take precedence in the selection of the 
lubricant or lubrication system. 


3.2 Lubricants 


Critical Comparison of Several Fluids as 
High Temperature Lubricants. 

E. Erwin Klaus, Elmer J. Tewksbury and 
Merrell R. Fenske. J. Chem. Eng. Data, 6 
(1) (1961) p. 99-100. “i 
Surveys hydrocarbon, organic acid ester, sili- 
cate, and silicone fluids and lubricants. Thus 
far, 700-800°F appears to be a practical 
upper limit for these liquid fluids in applica- 
tions involving appreciable operating time at 
this temperature. 


Inorganic Lubricants for High Tempera- 
tures. (in German) 

Georg Graue and Werner Liickerath (Phoe- 
nix-Rheinrohr AG). Evdél u. Kohle, 13 (1960) 
783. 

Lubricants based on K/Na/P205 have been 
developed and are sold as ‘‘Phosphatherme’’. 
Applications in drawing of steel tubes are 
reported. 


Solid Lubricants. 

G. W. Rowe. Research Appl. Ind., 14 (1961) 
137-142. 

Describes the basic principle of thin-film lu- 
brication and shows how, for example, solid 
copper may be used as a lubricant for steel. 
The dependence of boundary and extreme 
pressure lubrication upon the formation of 
solid films is discussed. The properties of the 
well-known solid lubricants, PTFE, graphite, 
and MoS: are described and compared with 
those of less common solids Til, and BN. 
Lubrication with polymers and with melting 
solids such as glass and ice is discussed. A few 
practical examples are chosen to illustrate 
the extremely wide range of conditions under — 
which solid lubricants may be used success- 
fully; from —200 to +2000°C, in any atmos- 
phere or none at all. 


Phthalocyanines as High-Temperature Lu- 
bricants. 

H. H. Krause, S. L. Cosgrove and C. M. Allen. 
J. Chem. Eng. Data, 6 (1) (1961) 112-118. 
Demonstrates that metal-free phthalocyanine 
is a potential lubricant for extreme conditions 
of load and temperature. For the conditions 
under which the experiments were performed, 
metal-free phthalocyanine is most efficient 
as a lubricant in the temperature range of 
800-1350°F. 


Colloidal Molybdenum Disulphide. 

E. R, Braithwaite. Research Appl. Ind., 14 
(1961) 24-28. 

Molybdenum disulfide is a good lubricant be- 
cause of its layer-like structure and its ability 
to exfoliate on heating by the loss of volatile 
oxidation products. 
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A Numerical Solution for the Gas-Lubrica- 
ted Full Journal Bearing of Finite Length. 
A. A. Raimondi. ASLE Trans., 4 (1) (1961) 
B3i-0555 04 ligs., 7 tables, 27 refs., and 
Discussion. 

Numerical solutions of Reynolds’ equation 
pertaining to the finite length journal bearing 
with a constant unidirectional load and lu- 
bricated with a compressible fluid are given. 
Results are tabulated for the constant visco- 
sity, isothermal case for L/D values of 2, 1 
and 4 and design charts applicable over the 
full range of the compressibility number (A 
= wUR/C?pa) are presented for eccentricity 
ratios ranging from o.1 to 0.8. Differences 
between gas- and liquid-lubricated bearings 
are mentioned and the numerical techniques 
employed discussed. Use of the design charts 
is illustrated, and the numerical results are 
compared with an existing approximate ana- 
lytical solution and some test results available 
in the literature. 


A Novel Form of Self-Acting Gas-Lubri- 
cated Thrust Bearing. 

Amir Nahavandi and Fletcher Osterle. ASLE 
Trvams., 4 (1) (1961) 124-130; 12 figs., 3 refs., 
and Discussion. 

A nonpressurized parallel-surface gas-lubri- 
cated thrust bearing is analyzed with the 
slider in steady spin and precession and found 
to develop a load capacity. The operation of 
this self-acting thrust bearing over a range 
of operating conditions is studied and the 
results applied to the so-called bevel bearing. 
The load capacity is obtained numerically by 
solving the Reynolds’ equation for compres- 
sible lubricant in finite difference form on a 
high speed digital computer. It is found that 
this load capacity can be significant. 


Externally Pressurized Journal Gas Bearings. 
John H. Laub. ASLE Trans., 4 (1) (1961) 
156-171; 34 figs., 30 refs. 

Externally pressurized gas-lubricated bear- 
ings with multiple orifice feed are investi- 
gated. An analytical treatment is developed 
for a semicylindrical bearing with 9 orifices 
and for a cylindrical journal bearing with 192 
radial and 24 axial orifices. 

Experiments are described on models of the 
two bearing configurations with specially de- 
signed fixtures which incorporate pneumatic 
loading and means for determining pressure 
profiles, gas flow, and gap height. The corre- 
lation between theory and experiment is 
satisfactory. 


Externally Pressurized Spherical Gas Bear- 
ings. 

J: HeLaub and R. H. Norton, Jr. ASLE 
Trans., 4 (1) (1961) 172-180; 15 figs., 7 refs. 
Spherical gas-lubricated bearings are of con- 


siderable interest in applications requiring a 
pivoting or rotating support with three de- 
grees of freedom, for instance in attitude 
control simulators of space vehicles. Ananaly- 
tical and experimental study of externally 
pressurized spherical gas bearings with ori- 
fice regulation is presented along with the 
experimental findings, which are in good 
agreement with the predictions of the viscous 
flow theory. 


The Performance of Externally Pressurized 
Bearings Using Simple Orifice Restrictors. 
D. S. Allen, P. J. Stokes and S. Whitley. 
ASLE Trans., 4 (1) (1961) 181-196; 24 figs., 
5 tables, 9 refs. 

The load capacity and vibration characteris- 
tics of externally pressurized thrust and jour- 
nal bearings have been investigated. The 
bearings used orifices sufficiently recessed 
back from the bearing surface to ensure that 
the area of the orifice is the minimum pre- 
sented to the gas flow. The journal bearings 
consist of plain cylinders with one or two 
tows of eight orifices, and the thrust plates 
of plain discs with six orifices drilled in equi- 
spaced circumferential grooves. 

The load capacity of the thrust plates agrees 
with that calculated but the vibrations are 
greater than predicted. The load capacity of 
journal bearings is about half that calculated 
assuming axial flow conditions in the bearing, 
but circumferential flow can account for the 
difference. Synchronous and half-speed vi- 
brations of a shaft rotating within these bear- 
ings have been measured and found to agree 
with those calculated on the assumption that 
the gas films behave as linear springs. 


The Performance of Ball Bearings in Nitro- 
gen and Carbon Dioxide at Elevated Tem- 
peratures. 

K. G. Eickhoff and A. White. ASLE Tvans., 
4 (1) (1961) 39-49; 13 figs., 3 tables, 1 ref. 
For abstract see Wear, 4 (1961) 253. 


Evaluation of Ball Bearing Separator Ma- 
terials Operating Submerged in Liquid Ni- 
trogen. 

W. A. Wilson, K. B. Martin, J. A. Brennan 
and B. W. Birmingham. ASLE Tvans., 4 (1) 
(1961) 50-58; 13 figs., 1 table, 4 refs. 

For abstract see Wear, 4 (1961) 253. 


Orthogonally Displaced. Bearings. Part I 
Donald F. Wilcock. ASLE Trans., 4 (1) 
(1961) 117-123; 13 figs., 1 table, 9 refs. 
For abstract see Wear, 4 (1961) 251. 


The influence of subdivision of the bearing 
surface on the load capacity of lubricating 
films. (in German) 

H. Peeken. Ing.-Arch., 29 (3) (1960) 199-218. 
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For analysis of paper see abstract Appl. 
Mechanics Revs., 14 (5) (1961) 415. 


Research on Developing Design Criteria for 
Anti-Friction Airframe Bearings for High 
Temperature Use. 

W. F. O’Rourke. General Motors Corpora- 
tion, for Wright Air Development Division, 
U.S. Air Force. October 1960. 138 pages. 
(Order PB 171 151 from OTS, U.S. Depart- 
ment of Commerce, Washington 25, D. C., 
$ 2.75.) ee, 
A study to develop design criteria for anti- 
friction airframe bearings for use in air and 
space vehicles is described. Desired operation 
includes 40,000 oscillatory cycles at 600— 
1200°F under a radial load corresponding to 
approximately 500,000 p.s.i. mean compres- 
sive stress for a one-inch bore ball bearing. 
Bearings made from three material combi- 
nations were tested; the results, extrapolated 
to four other sizes, indicated that performance 
is limited by the required load with a 
maximum of 26,500 cycles of operation having 
been obtained at 9g00°F and one-half the pres- 
cribed load, and 40,000 cycles at one-third 
the prescribed load. The most promising 
materials were tool steel and stainless steel 
for rings; titanium carbide for balls for tem- 
peratures to 900°F; and chromium carbide 
for rings and cobalt alloy for balls at 1200°F. 
None of the 25 lubricating aids showed a 
significant improvement. 


The Elimination of Mechanical Losses in the 
Bearings of Model Hydro-Turbines. (in Rus- 
sian) 

N. P. Ivanov. Trudy Leningrad Politekh. Inst. 
im. M. I. Kalinina, 198 (1958) 79-86; ref. 
Zhur. Mekh., No.9 (1959) Rev. 10155; source: 
Appl. Mechanics. Revs., 14 (5) (1961) 415. 

A more exact method is proposed for the 
eradication of losses due to friction in the 
ball bearings of a shaft in a model of a hy- 
draulic turbine, which enables a better value 
to be obtained for its hydraulic efficiency. 
This question became particularly acute 
when the models in question were designed 
as aero-models. The power of an air model 
is considerably less than that of models work- 
ing on water and the mechanical losses may 
lower the efficiency by as much as 20%. The 
problem set was solved by the creation of 
bearing assemblies in which by means of ro- 
tation at identical angular speeds in one di- 
rection of the outer and inner rings of the 
bearings of the turbine shaft, a cessation of 
movement of the balls is achieved and conse- 
quently all phenomena bound up with that 
movement disappears. The power developed 
by the wheel, with the shafts’ bearings cut 
out, can be brake-tested as a whole, when 
the power indicated can be recorded. A de- 
scription is given of the construction and of 


the results of an experimental investigation 
of a radially-axial hydraulic turbine. The 
experiment confirmed that the proposed pro- 
cedure to eliminate mechanical losses enables 
reliable energetic characteristics to be deter- 
mined when testing models of hydroturbines 
on aero testing plant. 


A Magnetic Journal Bearing. 

F. T. Backers. Philips Tech. Rev., 22 (7) 
(1960/61) 232-238; 11 figs. 3 refs. 

Bearing wear and friction of a rotating shaft 
can be avoided by avoiding all material con- 
tact between shaft and bearing. This may 
be done by letting shaft “‘float’’ in a magne- 
tostatic field. For this purpose “‘magnetic 
bearings” have been constructed, consisting 
of ring magnets fixed to the shaft situated 
within a set of outer stationary ring magnets. 
The rings consist of ferroxdure I and are 
radially magnetized. The direction of mag- 
netization of adjacent rings is alternately 
directed towards and away from the shaft, 
and opposing inner and outer rings have 
mutually opposed directions of magnetiza- 
tion. In an axial direction, the alternating 
direction of magnetization defines a “‘wave- 
length” 2. It is found theoretically that the 
bearing is optimally dimensioned when the 
clearance between the inner and outer rings 
is equal to 4 /2m; experiments confirm this 
result. The bearing is stable in a radial direc- 
tion; it is stabilized in an axial direction by 
a simple electromechanical servo-system. 


A Graphic Method for Designing Internal 
Expanding Shoe Brakes and Internal Expand- 
ing Clutches. (in German) 

V. A. Weyrauch. VDI Zeitschrift, 102 (1960) 
601-614; source: Appl. Mechanics Revs., 14 
(5) (1961) 414. 

The various basic types of internal expanding ~ 
shoe brakes and internal expanding clutches 
can be dealt with by a common dimensional 
design method. In the first place it must be 
ascertained whether the contact pressure is 
to be applied symmetrically or unsymmetri- 
cally to the centre line of the friction lining. 
A mathematical and graphical method was ~ 
evolved to determine the forces occurring, 
their lines of application, the center point 
of pressure and the maximum pressures and 
such brakes and clutches were fitted on vari- 
ous types of machine. Accordingly, it is pos- 
sible to deal with the situation in which the 
resultant forces to some extent lift the fric- 
tion lining from the drum. 


Instantaneous Coefficients of Gear Tooth 
Friction. 

G. H. Benedict and B. W. Kelley. ASLE 
Trans., 4 (1) (1961) 59-70; 21 figs., 17 refs., 
and Discussion. 

For abstract see Wear, 4 (1961) 254. 
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Development of Iron-Base Seal Materials 
for High Temperature Applications. 


Robert J. MacDonald. ASLE Tvans., 4 (1) 
(1961) 12-19; 7 figs. 
For abstract see Wear, 4 (1961) 252. 


5. WEAR AND WEAR RESISTANCE 


London Symposium on Electrical Contacts. 
M. R. Hopkins. British J. Appl. Phys., 12 
(7) (1961) 313-317. 

A Symposium on Electrical Contacts was 
held by The Institute of Physics and The 
Physical Society, in collaboration with the 
Institution of Electrical Engineers on the 
5th, 6th and 7th April 1961, at the Brunel 
College of Technology. The scope of the dis- 
cussion was such as to be of interest to phys- 
icists, electrical engineers, metallurgists and 
chemists from industry and industrial re- 
search establishments, from research associa- 
tions and from universities. 

The opening session consisted of an address 
by Professor F. Llewellyn Jones on ‘‘The 
physics of electrical contact phenomena”’, in 
which he surveyed the various aspects of 
contact operation, the important problems 
still outstanding and the methods by which 
they are now being attacked. The sessions 
which followed were devoted to ‘‘Principles’’, 
“Fundamental investigations and _ techni- 
ques’, “‘Contact surfaces’, “‘Materials and 
design’’, ‘‘Non-metallic contacts’ and ‘‘Mis- 
cellaneous subjects’. At each of these ses- 
sions, four or five short papers were presented 
and followed by discussion. 

A list of the titles of the 26 papers read at the 
Symposium is given. 


The Physics of Electrical Contact Pheno- 
mena. 

F. Llewellyn Jones. British J. Appl. Phys., 
T2 (7) (1961) 318-322; 3 figs. 

An outline is given of the nature of the fun- 
damental physics processes occuring at an 
electrical contact and the problems to which 
they give rise, particularly in relation to light 
duty electrical contacts. The discussion in- 
cludes contacts in which currents and poten- 
tials are of the order of amperes and volts, 
and also the so-called electrostatic contacts, 
in which one or other or both of these quan- 
tities may be extremely small. Recent work 
on microscopic molten metal bridges, micro- 
arcs (both of which are important in metal 
transfer) and the problems of ‘‘electrostatic’’ 
contacts which mainly depend on surface 
properties, are described. Outstanding prob- 
lems are discussed and the methods by which 
they are being attacked are indicated. 


Wear Trials of 37 Solid Rubber Soling Com- 
pounds of Known Formulation. 

W. E. Booth. (British Boot, Shoe & Allied 
Trades Research Association) 1960. Booklet 
36 pp. Rubber Abstracts, 39 (1961). 

Of the 37 soling compounds, 24 were based 
on natural rubber, 3 on SBR, 5 on cyclized 
rubber (3 of these being blended with natural 
rubber), 3 on butadiene-acrylonitrile rubber, 
and 2 on neoprene. Apart from the cyclized 
rubber compounds, 9 of the natural rubber 
compounds and one of the SBR compounds 
were reinforced with a high styrene-buta- 
diene/SBR blend. Other compounds were 
reinforced with a phenolic resin or one with 
a polystyrene. The fillers appearing in the 
formulation are aluminium silicate, calcium 
silicate, clay (ordinary and treated), magne- 
sium carbonate, fine silica, and carbon blacks 
of various types. Natural rubber reinforced 
with carbon black gave the best durability 
but the neoprene compounds were reasonably 
good, so presumably they would be very suit- 
able for oily conditions. 


Inhibiting Corrosive Wear in Lubrication 
with Halogenated Gases at 1500°F by Use 
of Competitive Reactions and Other Meth- 
ods. 

Donald H. Buckley and Robert L. Johnson. 
4 (1) (1961) 33-38; ro figs., 2 tables, 7 refs. 
For abstract see Wear, 4 (1961) 253. 


Friction and Wear of Metals in Gases up to 
600°C. 

D. F. Cornelius and W. H. Roberts. ASLE 
Trans., 4 (1) (1961) 20-32; 16 figs., 2 tables, 
26 refs. 

For abstract see Wear, 4 (1961) 253. 


Application for Molybdenum Metal. 

Kurt Giesen. Molybddn-Dienst (Diisseldorf), 
To (1961) 1-11; 14 figs., 14 tables. 

German translation of an article published 
in Molybdenum Metal (1960) p. 6-16, by 
Climax. 

Additional technical information is given in 
this review. 


Tool steels. 

B. L. Averbach. Molybdén-Dienst (Diissel- 
dorf), 9 (1961) 1-11; 9 figs., 10 tables, 32 refs. 
Translated from Tool Steels. 


6. ANALYSIS AND TESTING 


Reactions on Metal Surfaces at High Tem- 


peratures. 
F. T. Barcroft and J. R. Hayden. Nature, 189 


(1961) 133-134; 2 figs., 
Flash temperatures are produced by passing 
short pulses of current through metal wire. 
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This arrangement is used to study the high 
temperature properties of lubricants and 
extreme pressure additives. 

See also: Wear, 3 (1960) 440. 


Cutting Fluid Performance. 

M. Feng, A. Gujral and M. G. Shaw. Lubri- 
cation Eng., 17 (1961) 324-329; 9 figs., 5 
tables, 3 refs. 

Two quantities of major importance that are 
influenced by use ofa cutting fluid are sur- 
face finish and tool life. Surface finish is most 
critical at low cutting speeds, while tool life 
is primarily of interest at higher cutting 
speeds. The shape of the crater that develops 
on the tool face plays a major role in deter- 
mining the rate of tool wear and a cutting 
fluid can alter this crater shape in such a way 
as to either increase or decrease tool life. The 
cutting fluid tends to control the size and 
stability of the built-up edge at low cutting 
speeds. Three screening tests of value are the 
four-ball wear test, a tapping test, and low- 
speed orthogonal cutting test. The four-ball 
test serves to screen cutting fluid additives 
with regard to their wear performance, while 
the tapping tests and orthogonal cutting are 


useful in evaluating the finish and force im- 
proving characteristics of a fluid. Represen- 
tative data of all the aforementioned types 
are presented in this paper and discussed 
relative to cutting fluid performance. 


The I.PET. Symposium on Engine Testing 
of Crankcase Lubricating Oils. 

Sci. Lubrication (London), 73 (6 and 7) (1961) 
25-30, 20-27. 

Shortened versions of papers and discussions 
held during the above symposium. A series 
of standard engine tests passed the review. 
Contributions came from numerous British, 
American, German, French, Italian, Hunga- 
rian, Belgian and Swiss laboratories. 

Itis concluded that still more attempts should 
be made to co-ordinate European and U.S.A. 
requirements in testing procedures. 


Scuffing Tests on Gear Oils in the FZG Ap- 
paratus. 

G. Niemann, H. Rettig and G. Lechner. 
ASLE Trans., 4 (1) (1961) 71-86; 14 figs., 
6 tables, 8 refs., and Discussion. 

For abstract see Wear, 4 (1961) 254. 


7. SURFACE TREATMENT AND FINISHING (no abstracts) 
8. MACHINING AND Too” WEAR (no abstracts) 


Note: This concludes the abstracts in Wear, vol. 4; issue no. 6 will contain the Index. 
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Theoretical Fundamentals of Sliding Bearings, (in Russian), by M. V. Korovcurnskr1, Mashgiz, 
Moscow, 1959. 23 X 15 CM; 403 pp.; 72 figs.; 82 tables; 235 ref. 


Chapter I. General problems of friction in machines: viscosity of liquids; boundary properties; 
classification of sliding bearings. 

Chapter II. Physical properties of lubricating oils: temperature and pressure dependence of 
viscosity; density; heat capacity; thermal conductivity; oiliness. 

Chapter III, Mathematical preliminaries and problems in the theory of sliding bearings: general 
equations of viscous and compressible flow and thermal conductivity of a fluid; general equations 
of hydrodynamic theory of lubrication; variational methods. 

Chapter IV. Elementary cases of lubricant flow: isothermal and non-isothermal (constant density) 
flow of incompressible lubricant between inclined surfaces. 

Chapter V. Theory of bearings without side leakage: distribution of pressure and basic charac- 
teristics of a lubricant film in a rotating bearing; basic characteristics of a gas-lubricated bearing. 
Chapter VI. Theory of a bearing of finite length: distribution of pressure, flow of fluid, friction; 
the finite gas-lubricated bearing. : 
Chapter VII, Non-stationary movement of a shaft in an oil film: general theory; cases of non- 
stationary loading; stability of the equilibrium location of a shaft. 

Chapter VIII, Fundamentals of bearing design; general principles and choice of parameters; 
minimum film thickness; limiting properties of the oil film. 
Appendix. Tables of coefficients for calculation of load-carrying capacity and frictional resistance. 
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Friction and Weay in Machinery, Translation of Sbornik No. 12 (1958). The American Society of 
Mechanical Engineers, 345 East 47th Street, New York 17, N.Y. $7.50. 


For contents see Wear, 2 (1958/59) 247. 

From the “‘Preface to the English Translation” by G. Hermann, Translation Editor: 

“For some years past, the U.S.S.R. Academy of Sciences, through its Institute for the Science of 
Machines (Institut Mashinovedeniia), has been publishing an annual volume of papers on Friction 
and Wear in Machinery (Tvenie i Iznos v. Mashinakh). The titles in this series of collections of 
papers cover a wide range, from hydrodynamic lubrication and bearing performance to boundary 
lubrication, dry friction and wear. 

On the initiative of its Research Committee on Lubrication (RCL), The American Society of 
Mechanical Engineers submitted a proposal to the National Science Foundation for a grant to 
provide for the translation and publication of Volume 12, the latest available issue of this note- 
worthy collection of research papers. 

After being edited and before being passed for publication, each paper was submitted to a 
reader, in order to assure the most up-to-date and accurate technical terminology.” 


Translation of Sbornik No. 13 (1959) scheduled for publication by January 1962. 
Translation of Sbornik No. 11 (1957) and No. 14 (1960) scheduled for publication Autumn 1962. 


Other translations from Russian by ASME 


Theory of elastic thin shells 
by A. L. GOLDENVEIZER. ($15.00) 


Theory of special kinds of castings 
by A. L. Vetnix. (Available January 1962) 
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Bearings 1945-1960, OTS Selective Bibliography, United States Department of Commerce, Wash- 
ington, April 1960. 17 pp.; 293 entries. 


A bibliography of reports listed in the two OTS monthly abstracts journals: U.S. Government 
Research Reports, and Technical Translations. 
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ASLE-ASME CONFERENCE ON LUBRICATION 


The Eighth Annual Lubrication Conference is being jointly sponsored by the American Society 
of Lubrication Engineers and the American Society of Mechanical Engineers. It will be held 
on Tuesday, Wednesday and Thursday, October 17, 18 and 19, 1961 in Chicago, Illinois, at the 
Morrison Hotel. 

This conference is the only annual meeting devoted exclusively to research and development 
studies in the field of lubrication. Lubrication for the space age requires scientific understanding 
of materials and designs in unusual and extreme environments. Design and research engineers, 
as well as other scientists of various types, find a common ground in lubrication problems. In- 
ternational research studies at universities, industrial laboratories and government laboratories 
will describe many topics of current importance. Thirty-five technical presentations will be made 
and both invited and open discussions will be heard. 

Topics will consider the influence of nuclear radiation, vacuum of outer space, extremely high 
and extremely low (cryogenic) temperatures on lubrication, Lubrication, friction, wear and endur- 
ance for rolling element bearings and other machine components will be described. Properties 
of lubricants papers will include boundary film interface phenomena and the latest developments 
in super-refined mineral oils. Potential use of magnetic fields for bearings, as well as gas film 
bearings, offer interesting possibilities. 
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The final programme will appear in Lubrication Engineering and Mechanical Engineering. Addi- 
tional information may be obtained from the Headquarters of either Society or the Planning 
Committee Chairman, Robert L. Johnson of NASA-Lewis Research Center, 21,000 Brookpark 
Road, Cleveland 35, Ohio. 

Abstracts of papers will be published in Wear, 5 (1962). 
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JOINT INTERNATIONAL CONFERENCE ON CREEP AND FRACTURE 
New York, August 1963, London, October 1963 


A Joint International Conference on Creep and Fracture will be held in New York from 25th—28th 
August 1963 and in London during October 1963. The sponsors are the American Society of 
Mechanical Engineers, The Institution of Mechanical Engineers and the American Society for 
Testing Materials. 

The Conference will be devoted to the mechanical properties of engineering materials at ele- 
vated temperatures; the emphasis being on the utilization, by the mechanical engineer, of creep 
and rupture data on current materials in the design of equipment to be used at elevated temp- 
eratures. 

The scope of the Conference will be as follows: 


Fundamentals of Creep and Fracture 

Mechanisms — atomic lattice; dislocation; material; metallurgical structure, etc. Plasticity 
theory in creep — theoretical and experimental studies in uniaxial or combined stresses. Studies 
in relaxation, thermal and mechanical cycling, rapid and dynamic creep. 


Design for Creep and Fracture 

Criteria for design: uniaxial and combined stress, thermal and mechanical cycling, relaxation, 
and creep behaviour of composite materials. 

Application and interpretation of creep and fracture data — information concerning particular 
materials, short- and long-time tests and extrapolation of data. 


Service Experience of Creep and Fracture 
Correlation: service data with laboratory tests and methods of testing. 
Environmental effects: oxidation, corrosion, ablation, erosion, radiation, etc. 


All enquiries should be addressed to: 


The Institution of Mechanical Engineers 
1 Birdcage Walk, Westminster, London, S.W. 1. 
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Einfiihrung in die Schmiertechnik. Teil I: Verfahven zur Reibungs- und Verschleissminderung 
(Introduction to lubricating techniques. Part I: Methods of reducing friction and wear), by Dr. Ing. 
G. H. Gérrner, Karl Marklein Verlag GmbH, Diisseldorf, 1961; 280 pp., 127 figs., 23 tables, 
89 refs.; 21 X 15 cm; in cloth: D.M. 32.—. 


This volume forms the background for Vol. II, which will be a lubrication manual. 

Five sections deal respectively with fundamentals, sliding and rolling friction, hydrodynamic 
and boundary lubrication. Much is said about bearings but gears are omitted completely; conse- 
quently flash temperatures are treated rather as a laboratory curiosity than as an engineering 
concept. 

The book is primarily for the newcomer with only an elementary technical education; as such 


it is competently written, Certain statements refer to ideas and work still sub judice and might 
cause misunderstanding. 
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The literature quoted at the end of the book and occasionally in the text is quite unsystematic 
and unfortunately gives no guidance to the student. Neither the English edition, nor the German 
translation (!) of BowDEN aND TaBor’s book is mentioned. Hotm’s 1941 edition is out of print 
and the new one has been published again in Germany (Springer Verlag). The valuable work 
of the German Standards Commission (FNM-D 4 b) is not mentioned and there are other omissions 
with reference to German literature. 

Sliding friction and wear (Gleitreibung) is termed “‘Schleifreibung’’ and ‘‘Schleifverschleiss’”’ 
(grinding friction and grinding wear), a most unfortunate innovation which is unlikely to be 
accepted by official German engineering societies. 

Nevertheless there is much to be recommended: valuable tables on physical quantities, good 
drawings of bearings, and a collection of illuminating graphs from the literature. 

The price is high compared with similar books published by VDI-Verlag. 

The book fills a gap in German literature and will no doubt see a second edition. Perhaps by 
that time some of the points that are disturbing will have been revised. 

G.Sa. 
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German Standard Specification DIN 50321, Messgréssen fiir den Verschleissbetrag, (1961) 1-8. 
See Wear, r (1957/58) 211. 


This standard is unique in the field of wear. It aims at unification of data on wear of materials. 
The contents are: 

1. Significance of suitable and uniform quantities. 

Amounts of wear: concepts, usage, quantities, comparison. 

Classification of measurable quantities. 

Individual measurable quantities. 

Suggestions for the choice of special quantities. 

Abbreviations used. 

Example. 

The aim of this German standard is to facilitate a comparison of wear measurements made 
not only in different laboratories and on different testing machines but also for a comparison 
of results obtained in practice. 

Many possibilities have been considered with great thoroughness. Discussions between manu- 
facturers of products and prospective buyers could be simplified if the suggestions made in this 
standard specification were taken into account. 

While a standard cannot help to solve a wear problem, it might be a time-saving device for 
the work of committees. 


WAMVE WS 
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Notes on Contributors 


a 


C. A. BrockLEy: born in Vancouver, British Columbia, Canada; received a B.A. degree in 1948 
and a B.A.Sc. (mechanical engineering) in 1949 from the University of British Columbia ; after 
several years in British and Canadian industry, was awarded the Athlone Fellowship in 1952. 
Subsequently, was engaged in wear research at the University of Sheffield and received the Ph.D. 
degree in 1955; on return to Canada was engaged in naval research with the Canadian Defence 
Research Board; in 1957 joined the Department of Mechanical Engineering of the University of 
British Columbia as an assistant professor. Is currently investigating the problems of wear particle 
formation; initial contact between surface asperities; and the relationship between surface finish 


and wear. 
[See p. 333] 
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LAWRENCE A. DuNnN: born in Keene (N.H., U.S.A.); studied at the University of Vermont 
(mathematics) and Massachusetts Institute of Technology (mechanical engineering), and is 
at present a member of the research staff at The Alloyd Corporation. Worked on die lubrication 
in aluminum drawing; has been recently active in the field of friction and wear, and in studies 


of mechanical properties of bearing materials. 
[See p. 345] 


E. J. Duwe tv: born in Chicago, Ill.: educated at the State University of lowa (B. S., Ph. D.) and 
Purdue University (M.S.); doctoral thesis at State University of lowa on structure determination 
of intermetallic compounds by X-ray diffraction. Employed by Jones and Laughlin Steel Corp., 
Pittsburgh, Pa., 1954-56, and at present by Minnesota Mining and Mfg. Co., St. Paul, Minnesota; 
main research interests are in friction and wear, surface chemistry of metals, and electrochemistry. 

[See p. 384] 


Esper W. GayLorp: born in Pittsburgh, Pa.; studied mechanical engineering at Carnegie In- 
stitute of Technology 1948-1953; obtained Ph. D. with a thesis on momentum and mass transfer 
in water for a submerged axially symmetric jet; subsequently assistant and associated professor 
of mechanical engineering at the Carnegie Institute of Technology. 

[See p. gor] 


K. A. Groscu: born in Trannroda (Thiir) Germany; took an Honours degree in Physics at London 
University in part time study in 1958; since 1955 has been employed at the Natural Rubber 
Producers Research Association in Welwyn Garden City and has been working on abrasion and 
friction problems of elastomers. 

[See p. 356] 


E. Raprnowicz: (for biographical note see Wear, 2 (1958/59) 84). 
[See p. 345] 


Patrick G. RussELL: born in New York; studied at N.Y.C. Community College (mechanical 
engineering) and Northeastern University (industrial engineering) and is at present a research 
supervisor at The Alloyd Corporation. Worked at Brookhaven National Laboratory on problems 
of liquid metal corrosion and radiation effects on materials; directed programs in the field of 
lubrication, friction and wear, and in studies of mechanical properties of materials. 


[See p. 345] _ 


A. SCHALLAMACH: (for biographical note see Wear, © (1957/58) 464) 
[See p. 356] 


Hsren-Hwer HunTeER Suu: born in Pittsburgh, Pa.; studied at Michigan College of Mining and 
Technology and at Carnegie Institute of Technology 1950-1961; obtained Ph. D. in 1961 with 
a thesis on analysis and measurement of the interface temperature between rubbing metallic 
bodies. 


[See p. 401] 


D. Tasor: (for biographical note see Wear, I (1957/58) 76.) 
[See p. 391] 


D. E. WyNNE WILLIAMs: educated at University College of North Wales, Bangor; in 1957 joined 
Dr. F. P. Bowden’s research group on the physics and chemistry of solids and carried out work 
on the detailed nature of metallic contact during sliding and on microhardness techniques under 
Dr. D. Tabor and Dr. J. B. P. Williamson; is now with Imperial Chemical Industries Ltd., London. 


[See p. 391] 
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EDITORIAL 


WEAR TESTING 


The controversial nature of wear testing was mentioned in the first issue of this 
journal. A successful combination of abrasion testing and wear trials is now discussed 
by AVERY (p. 427) against the background of wear-resistant alloyed steel used in 
grinding equipment. This is followed by a brief communication by CLEMENT (p. 450), 
who shows that rubbery materials are sometimes superior in wear resistance and 
therefore more economic than hard materials used conventionally in cyclones and 
pumps in the mining industry. HARPER’s review (p. 461) of methods available for 
testing the abrasion resistance of flooring materials is followed by the report of an 
international study group (p. 479), which came to the conclusion that none of the 
machines tested shows sufficient ranking ability to predict the merits of a new flooring 
material. While each of the contributions is self-explanatory, it seems worth while to 
link up these already widely differing aspects with still other work published recently 
in Wear and elsewhere (see abstracts section). 


Quality 
Abrasion tests and wear trials are sometimes used as a basis for commercial trans- 
actions. Such data are then discussed by persons of widely differing technical back- 
grounds, and this can cause misunderstandings. AVERY deals with the problem 
— which has psychological aspects — at some length. 

The abrasion testing of leather was abandoned for lack of significant correlations 
by the American Leather Chemists’ Association in 1945. Their European colleagues 
decided in 1957 that such a pessimistic view was not really justified, and a statistically 
designed co-operative project was launched. 


Nine laboratories studied the performance of eight different machines in seven countries. Seven 
different types of leather were distributed and abraded. Variables such as load, cutting power of 
the abrasive, wet and dry surface conditions were studied. At the same time wear trials were 
set up in two countries (England and Holland) with the same seven leathers. Sufficient data 
became available to calculate correlation coefficients relating durability (wear trials) with abrasion 
resistance. 


After only three years of co-operation it has been found that “good correlation with 
actual wear can be obtained and even impregnated leathers can be tested satisfactori- 
ly with some types of machines”’ (see p. 497). Surely this is encouraging news froma 
section of technology where production methods rather than the products are changing. 

Results for organic flooring materials (p. 479) are in striking contrast to those for 
leather. New materials continually appear on the market, but no reliable information 
on their wear resistance is available. Claims of high quality are frequently based on 
abrasion tests only. To remove this uncertainty, Mr. B. FrRomMES, executive of a 
Building Society, took the lead in organizing the co-operative studies that are reported 
on in this issue. The ranking ability of most machines is shown to be low and certainly 
insufficient to predict the quality of a new flooring material. More uniform results 
are obtained in the abrasion of closely related plastics, but no data for wear trials of 
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these are available. The public should certainly be informed that abrasion testing 
cannot be used as a yardstick of flooring quality. 

The economic importance of alloyed steels used in grinding mills is of a higher order 
than that of flooring materials. But the same confused situation would exist were it 
not for the close co-operation between manufacturers and users of the steels. The 
continuous pooling and “‘back feeding”’ of field experience to the laboratory seems 
imperative in handling successfully a problem involving so many variables. 


Machines and Abrasives 


Most abrasion machines consist essentially of two elements: the mechanical system 
and the abrasive. 

The mechanical principles involved are readily recognized from HARPER'S Classifi- 
cation (p. 466 and 482). Since none of these machines gave significant results, the 
mechanics of walking was analysed and the physical quantities involved measured 
(p. 495). The construction of a machine that can simulate service conditions does not, 
however, guarantee success. The report on leather states that neither the type of 
motion nor the speed are critical; there are indications that pressure can become a 
critical variable. This is to be expected since the rate of abrasion depends essentially 
on the cutting power of the abrasive. 

RABINOWICzZ, DUNN AND RUSSELL tested the abrasiveness of aluminium oxide grit 
(p. 351) and found 
— considerable differences between two batches of the grit 
— no significant influence of minor variations in particle size distribution. 

AVERY mentions similar effects for sand (p. 442). Again this variability is found 
in the testing of enamel (p. 499). 

WILLMAN and his colleagues deal extensively with the effect of particle size and 
shape of abrasives (p. 498). 

DUWELL AND McDonaLp discuss concepts of friability, attrition, fragmentation 
and lubrication of abrasives (p. 372, 384, 387). 

Kuruscnov and his school avoid ambiguities by comparison with a standard 
(p. 352). Several members of the leather committee measure the cutting power of an 
abrasive against a standard rubber. It is acknowledged by rubber technologists that 
manufactured abrasives are not yet as reproducible as rubbers. There is therefore 
much to be said in favour of “rubber standards’. 

Abrasives as a class are not so well-known as other powdered solids. A future 
classification should embrace at least the following factors: 

(i) Particle size distribution 

(ii) Surface area 
(iii) Shape factors 
(iv) Toughness and friability 
(v) Attrition (the gradual removal of very small quantities from the surface) 
(vi) Interaction with (boundary) lubricants 
(vii) Susceptibility to clogging. 


Central Laboratory T.N.O., Delft G. SALOMON 
November 1961 
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THE MEASUREMENT OF WEAR RESISTANCE 


HOWARD S. AVERY 
Metallurgical Department, American Brake Shoe Company Research Center, Mahwah, N.].(U.S.A.) 


(Received June 20, 1961) 


SUMMARY 


This is a discussion of several important aspects of evaluating wear resistance. It is focused on 
abrasion, which is a large area of the complex field of wear. 

There is no universal wear test. Instead it is necessary to analyze the factors that are most 
important in a given wear situation and to evaluate these separately or in simple combinations. 
Such evaluations or tests have the aim of making possible the wise selection of materials and the 
prediction of service performance. 

A good wear test should have demonstrated reliability (which is the same as reproducibility), 
ranking ability, and validity. The merit of these several qualities should be checked by statistical 
mathematics to avoid erroneous conclusions and misplaced confidence. Simplified statistical tests 
are provided here to facilitate such checking. 

This discussion is illustrated with data from a laboratory abrasion test that has a useful relation 
to ball mill wear. It is only one of several that apply to important areas of abrasive wear, but it 
illustrates a desirable approach to the problem of material selection. 


INTRODUCTION 


Wear is defined by a dictionary as deterioration due to use. Within this broad idea 
many individuals have developed narrow and specialized concepts of what wear is. 
Though usually physical or mechanical these concepts can even be mental, as exem- 
plified by the man whose nerves are worn out at the end of a hard day. 

Within such a framework it is important that various types of wear be defined as 
clearly as possible. It is common to find that the mechanical concept prevails and 
often wear is understood to be limited to material loss from the friction between two 
rubbing surfaces. It is less often recognized that a variety of phenomena can occur 
at these surfaces. The commonest complications are welding and the breaking of these 
welds, the presence of foreign particles or abrasives, the changes in properties due 
to temperature, the application or presence of unusual stresses, and chemical attack. 

Some engineers object to including the chemical factor of corrosion when they seem 
to be primarily concerned with one or more mechanical factors. However, material 
loss from corrosion at a surface can be measured in exactly the same units as material 
loss from friction or from abrasion. Also, if corrosion is present it must be reckoned 
with if valid estimates of service life are to be made. The point is that a person dealing 
with wear should be alert to recognize and to evaluate any one of a number of factors 
that can cause deterioration in use. 

Table I is an arbitrary classification of wear and wear factors. It is intended to 
alert the engineer who becomes involved with wear. It is not considered complete, 
but it will be recognized as more extensive than most concepts of wear. It is well 
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known that many environments that cause wear are complex. Since the pattern of 
these complexities varies widely, it is obvious that there is scant possibility of finding a 
universal wear test. The practical approach is to limit an evaluation test to the salient 
factors that dominate a wear situation and to hope to approximate a service pattern. 

Wear testing is a natural outgrowth of the need to predict service performance. 
The approach is either to test in actual service or to devise a simulated service or 
laboratory test. Well developed and controlled laboratory tests have a number of 
advantages, but because they do not necessarily predict exactly what will happen in 
service they must be used with care and insight. As a result, many prefer actual ser- 
vice testing. This also has advantages, but the blind faith in casual service tests that 
is frequently seen cannot be justified. Both kinds of tests have limitations that should 
be understood before their data are used for prediction. 

The discussion here is applicable to wear testing in general, but because of a definite 
interest in abrasive wear the examples and the data will be taken from the field of 
abrasion. The concept of abrasion is narrowed to the field where stresses imposed by 
hard (usually non-metallic) particles cause surface metal loss by scratching, grinding, 
gouging or chipping. 

The practical man and the engineer are frequently faced with the problem of 
selecting materials to resist abrasion. There are many different service conditions and 
hundreds of different alloys that might be used. To bring some order to this complex, 
and provide a system of selection that promises reasonable success, logical classifi- 
cations are needed. 

Of the various factors that produce surface damage, impact and abrasion are usually 
most severe. Heat, friction, corrosion and the cyclic stresses that cause fatigue may 
also play important parts, but for most mining, construction and related earth 
handling work, the dominant wear mechanism is abrasion. The usual recourse is to 
employ a hard ironor steel to resist such wear. From the assumption that “the harder the 
better’’, the trend may be to very hard alloys, which are usually brittle. Then, if severe 
impact occurs, the alloy fractures and the plan for obtaining long life is defeated. 

Evidently a compromise between abrasion and impact resistance is needed. The 
search for the most economical balance of properties for this compromise may be 
endless, but there are a number of practical solutions to the problem that are worth 
learning. 

One common expedient is the attempt to use the experience of others. This may 
hinge on a casual opinion, on recorded field test data, or on often-repeated perform- 
ance that produces a clearly defined pattern. Only in the last case is engineering 
confidence justified. 

Large errors can result from the uncritical use of opinions or field test data. To 
understand this situation requires knowledge of possible experimental errors, the role 
of engineering properties, and the contribution that laboratory tests can make. These 
will be discussed briefly here and some simplifications that are possible will be ex- 
plained. 

Impact is so often associated with abrasion that it must be considered carefully. 
It has been discussed in another publication! and therefore will be outlined only 
briefly here. Impact blows provide a mechanical advantage that can cause very high 
stresses. Surface compressive stresses from impact, up to the elastic limit of the 
material, depend on velocity. When the stress from high velocity blows exceeds 
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the elastic limit of the surface, plastic flow results. This causes deformation and may 
lead to cracking or failure. High elastic strength is an asset against light impact, 
which up to certain levels will cause no damage. Martensitic steels and irons used at 
high hardness levels are good for such service. For medium impact, where some 
deformation cannot be avoided, a combination of high strength with some ductility 
is desirable. For heavy impact, which will cause considerable plastic flow in even hard 
alloys, a work hardening steel of great toughness is the preferred selection. The choice 
of austenitic 139%, manganese steel for heavy impact service, such as occurs with 
railway crossings, is logical. 

The stresses from impact blows can be calculated and the elastic and other prop- 
erties of alloys can be measured, but in practical applications it is seldom possible 
to estimate stresses with precision. The usual recourse is selection of an alloy that is 
somewhat tougher than necessary, following the principle that sudden failure should 
be avoided even at the expense of rapid wear. If several alloys have about the same 
abrasion resistance, the best selection is the toughest of the group. This kind of 
choice depends upon a satisfactory measurement of abrasion resistance. 


THE MEASUREMENT OF WEAR RESISTANCE 


Since there is no universal wear test, it has been necessary to develop a number of 
specific tests for surface deterioration. Each of such tests must pass successfully 
through three stages to become a good engineering evaluation. These are: 

(xr) establishment of reliability 

(2) establishment of ranking ability 

(3) establishment of validity. 
The first of these serves to define the amount of experimental error involved. If this 
is large, replicate tests will show poor reproducibility. This in turn means that many 
tests will be needed to establish reasonably dependable average performance. 

Reliability is best expressed in statistical terms, such as confidence limits, standard 

deviations, and expected scatter band ranges. This is a matter that is too frequently 
neglected, even by engineers, when dealing with wear tests. The calculations may be 
tedious if large volumes of data are available. However, for wear tests the opposite » 
is usually true; the data are too few. The calculations are quick and easy, but the data 
cannot provide great confidence. Instead, the chief value of the indicated or calculated 
confidence limits is to serve as a warning not to accept comparisons at their face value 
unless the experimental error is clearly small. 


Consider an example, where alloys A and B are being compared in a crusher test. During one year — 
two crusher liners were worn out; Alloy A crushed 95,000 tons of ore and Alloy B crushed 106,000 
tons. In December of this year these results were examined and the crusher superintendent, de- 
ciding that Alloy B is better, ordered two more liners made of B. However, the representative of 
the foundry making Alloy A, being a skillful salesman, persuaded the superintendent to try 
another liner of Alloy A. 

This was done, and the next year provided the results of Alloy A, 63,000 tons and Alloy B, 
63,000 tons. The crusher operator claimed that the alloys were identical, but the superintendent, 
being a bit more mathematically minded, average the pairs of data thus: 


Alloy A Alloy B 
95,000 106,000 
63,000 63,000 
2|158,000 2|169,000 
Averages: 79,000 tons vs, 84,500 tons 
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He claimed that Alloy B was better, as indicated by the first test as well as the averages. Never- 
theless, he was persuaded to buy a third liner of Alloy A to test against his remaining one of Alloy B. 
At the end of the third year these results were available: Alloy A, 137,000 tons and Alloy B, 
57,000 tons. The superintendent is now upset. He suspects that the third Alloy B liner was de- 
fective, but the metal has been worn away and there is no way to prove it. Also, this does not 
account for the excellent record of the third Alloy A liner. 
Again the superintendent averages the data thus: 


Alloy A Alloy B 
95,000 106,000 
63,000 63,000 
137,000 57,000 
3|295,000 3|226,000 
Averages: 98,333 tons vs. 75,333 tons 


Superficially, these figures indicate superiority for Alloy A.. After running behind for two years, 
Alloy A spurts ahead in the third year. Is this advantage real? Will it continue? 

Good answers are not possible except through certain statistical calculations that have been 
developed because this matter of comparisons is a serious and widespread problem. Suppose we 
examine the engineering approach. 

At the end of the second year these calculations are made: 


Alloy A 95 + 63 =158 158-2 = 79 thousand tons average 
95 — 63 = 32 thousand tons range 


where n = 2, range X 6.4 = 95% confidence limit 
32 X 6.4 = 205 thousand tons 


Alloy B 106 + 63 = 169 169 +2 = 84.5 thousand tons average 
106 — 63 = 43 thousand tons range 
43 X 6.4 = 275 thousand tons 


These figures indicate that we may say with 95% confidence that the average for Alloy A is 
somewhere between the limits of 79,000 + 205,000 tons, or practically, it is between 0 and 284,000 
tons. 

Similarly for Alloy B, there is only one chance in 20 that the probable true average is outside 
of the limits of 84,500 + 275,000 tons, or practically, from 0 to 359,500 tons. 

Obviously these scatter bands overlap so much that we cannot say with assurance that B is 
better than A. We must suspend judgement. 

The third year the calculations appear thus: 


Alloy A 95 4-63 — 137 = 295) 295-3 = 98.333 thousand tons average 
137 — 63 = 74 thousand tons range 
where ” = 3, range X 1.3 = 95% confidence limit 
TA KTS = 96 thousand tons 
Alloy B TOO ESOs 57) == 22058 220-3 9733333 thousand tons average 
106 — 57 = 49 thousand tons range 
49 X 1.3 = 63.6 thousand tons 


The comparison becomes 


98 + 96 vs. 75+ 64 0F 
2to194 vs. 11 to 139 thousand tons. 


Again the overlap in the scatter bands is so great that we cannot say with engineering confidence 
that one alloy is better than the other. At the end of three years we just do not know. This con- 
clusion may have dawned on the superintendent; but there are many similar cases where it has 
not been recognized. The statistical calculations provide the best method of testing the data. 
They do not provide full assurance if they are favorable, especially when based on small numbers 
of observations. It is always possible for chance to distort the picture. However, when these 
calculations establish uncertainty it is well to recognize this. Unfortunately, uncertainty is the 
rule and certainty is rare in the field of abrasive wear. 
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The statistical calculations that show scatter bands in terms of standard deviations, 
derived from the root of the average square of deviations from the average, are fre- 
quently slow and laborious. They are to be preferred for data that cover a large 
number of observations. For small numbers (less than 10) the method shown here is 
not only much easier but also more efficient. The full table of factors needed is ap- 
pended. These factors are widely used in quality control chart work?-?. 

Note that chance can impose additional uncertainty if very small numbers of ob- 
servations are available to establish the range. On the other hand, if a larger number 
of observations can be grouped, and an average range calculated from them, the 
confidence limits or the standard deviation calculated from the average range justify 
considerable weight. Control chart work very frequently does this, using groups of 
5 values to establish the range. 

To return to our problem of wear measurement, we now believe that enough data 
should be available to establish clearly the scatter bands of experimental error. Also, 
the scatter bands should be small for a good wear test. 

Since these conditions are rare in abrasive service, there is strong reason to develop 
laboratory tests. Considerable careful work has gone into this, refining the test details 
until the reproducibility of results is good. By testing a variety of materials in a 
reliable test, it is possible to establish whether or not it will rank them in useful 
fashion. Obviously, even if the test reproduces data nicely on replicate runs, unless 
it will rank different alloys clearly it will not serve our purpose. We want to be able 
to predict relative performance. 

Even when a laboratory test has been proven to have reproducibility and ranking 
ability, it is necessary to establish that it has validity for predicting service perform- 
ance. This requires a correlation of laboratory and field results. Since so few service 
tests will meet the two necessary criteria just described, validation of laboratory tests 
is rare. By the same token, field tests that justify confidence are rare. 

Thus service tests suffer from doubtful reliability and laboratory tests from doubt- 
ful validity. There is a middle ground that has engineering usefulness if good judge- 
ment is employed. This will be described below. 

Where laboratory and service tests have acceptable reliability, and nevertheless do 
not agree in their ranking of materials, the explanation lies in the test conditions. 
A close examination of these differences suggests that the nature (hardness, cleavage, 
shape and fineness) of the abrasive and the stress brought to bear on the wearing face 
are very important variables. If they can be made similar in tests being compared, 
even though the mechanical details of the tests are different, there is a good chance 
of correlation. 

Recognizing that an infinite variety of abrasives and stress conditions is possible, 
it seems fortunate that a few circumstances recur often enough to be useful. Among 
the abrasives, quartz and related hard silicates stand out as common causes of abra- 
sive wear. They easily account for the bulk of severe service conditions. For this 
reason we have adopted quartz sand as our standard laboratory abrasive. We have 
also arbitrarily divided the various stress conditions into three types, which are the 
basis for our classification of abrasive wear. 

The recognized abrasion types are: 


I. Gouging abrasion, such as occurs on power shovel bucket parts in sharp-edged 
rocky materials; or in heavy crusher operations. Severe impact is usually associated. 
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2. Grinding abrasion, such as occurs in ball milling, where rock fragments are 
crushed by compression between two metal faces. 

3. Scratching abrasion, or Erosion, such as occurs on plow shares operating in sandy 
soil; or in sand blasting. 

These types may require revision as more fundamental information becomes 
available, but meanwhile they are useful in field wear analysis. They call for different 
alloy selections and thus should be differentiated where possible. 

The stresses tend to decrease in the order of listing above. Grinding abrasion is 
sometimes called high stress abrasion and erosion may be low stress abrasion. Within 
each type there is a stress range that depends on character of the abrasive and its 
velocity. 

These three types of abrasion can be recognized as distinctive in the field. They 
do not rank alloys in exactly the same way. We have been successful in developing 
reliable laboratory tests for them, and in two cases the laboratory and field tests 
correlate reasonably. The third test is still in the experimental stage. 

If we exercise good judgement in recognizing or analyzing the wear conditions of 
service we can use the laboratory data on alloys to aid predictions. The relation is 
not perfect. It is unlikely that any simple system can be. However, if we make pre- 
dictions after a careful study of all factors, and these have a logical basis, there is a 
good chance of success. Furthermore, if the prediction is not borne out in service, 
there is a large chance that the unreliability of the service pattern is responsible, 
rather than lack of validity for the prediction. 

Impact is a prominent factor that can ruin predictions. Since abrasion resistance 
and toughness are usually opposing properties, most choices of alloy require some 
compromise. If we include too little toughness our part may fail by cracking or frac- 
ture rather than by abrasive wear. Sometimes we get a warning of this by surface 
spalling. 

This factor of impact may so overshadow the inherent abrasion resistance that 
material selection is made largely on the basis of toughness. Since austenitic mangan- 
ese steel has great toughness as well as considerable resistance to machining, it has 
taken the preferred position where gouging abrasion and impact are associated. 

A detailed discussion of the various types of abrasion is reserved for another paper. 
Since our subject here is measuring wear resistance, a concrete example will be de- 
scribed below. This is in the area of grinding abrasion, which is measured in the 
laboratory by a special apparatus. In service it occurs in ball mills. This abrasion type 
will be described in some detail, the apparatus will be shown as cross sectional and 
as schematic diagrams, the reproducibility will be shown graphically, and the ranking 
ability by bar graphs. The validation against ball mill service will appear as a cor- 
relation chart. 

It should be recognized that this is only one type of abrasion. The others must 
receive consideration, and a ranking of alloys by laboratory testing should be applied 
only to service conditions characterized by the same kind of abrasion. 

Grinding abrasion is evidenced by the crushing of small, hard particles between 
metal faces. The force necessary is ordinarily supplied by movement of the machine 
parts; thus in ball milling the shell rotates to keep the balls rolling. The abrasive 
being ground is caught between adjacent balls or between balls and liner, and the 
ball weight crushes the hard particles. Note that while impact may occur in ball mills, 
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it is not the important crushing force and the grinding can be produced without 
impact. (Ball mills operated so fast that the balls fly through the air and hit with an 
impact blow are less efficient than those that only roll, tumble or cataract the balls.) 

Grinding abrasion requires that the crushing force exceed the strength of the abra- 
sive particles being ground. For quartz, in the form of sand grains or hard sandstone, 
this is probably about 30,000 p.s.1. (2,100 kg/cm2). Thus the stress that appears in the 
alloy against the abrasive particle is quite high, though it may occur on only a micro- 
scopic area. For this reason grinding abrasion is also called high stress abrasion. The 
stress is of course related to the strength of the abrasive. Rocks generally range from 
a few thousand pounds per square inch up to 100,000 p-s.i. (7,031 kg/cm?) in ultimate 
compression strength. The highest figures apply to jasper, flint, chert and related 
minerals that are forms of quartz. They have the same hardness as sand but their 
grains are microscopic and so well cemented together that they have a distinctive 
toughness as well. They are more abrasive in the laboratory grinding abrasion test, 
as they are higher in compressive strength. For comparison the properties of several 
common rock types are summarized in Table II. 


TABLE II 
Rack tbe Compressive Impact le Sr 
and locality strength toughness Ha — 107 
(p.s.t.) (in./sq. in.) 
Md 
MARBLE, dolomitic 
(from Cockeysville, Md.) 32,000 2.6 7.6 
LIMESTONE, fossiliferous 
(from Bedford, Ind.) 10,000 2.1 2.6 
GRANITE, massive 
(from Barre, Vt.) 34,000 5.0 19.0 
SANDSTONE, porous 
(from Amherst, Ohio) 9,000 rh 1.5 
SANDSTONE, weakly cemented 
(from Waterford, Ohio) 5,500 1.4 Tez 
SLATE, finegrained 
(from Bangor, Pa.) 27,000 3.7 203 
GREENSTONE 1/3-1/2 epidote 
(from Mount Weather, Va.) 39,000 6.5 20.0 
QUARTZITE, strongly cemented 
(from Ishpeming, Mich.) 43,000 12 29 
IRON ORE, hematite 
(from Soudan, Minn.) 88,000 35 24 
JASPER 
(from Soudan, Minn.) 99,000 20 20 
OIL SHALE, limestone 
(from Rifle, Col.) 17,000 37 10 


(Values given are chiefly rounded off averages, and do not reflect rather wide scatter bands that 
may be encountered. Data abstracted from U. S. Bureau of Mines Report of Investigation R.1. 
3801, Aug. 1940.) 


Compression tests made on ¢in. to 2} in. dia. i i i 
ei antl ga A ene Wea 4 a ca hens with length about equal to diameter, 
; Impact toughness is from a drop hammer test, with incremental blows from a 2 kg hammer on 
gin. — 18in. dia. (with length=dia.) specimens (ASTM desig. D-3-18, 1942). Toughness reported 
is height required to produce fracture divided by cross sectional area. 

A brasive hardness is determined by grinding abrasion on an 18 in. dia. steel top at 22 rev./min 
with 40 mesh silicon carbide, and 8.53 p.s.i. on the { in. — 12 in. dia. rock faces. The hardness 


is expressed as the reciprocal of 1000 times the weight loss of th 1 i 
reife Sebi g ss of the specimen (Md) in pounds per sq. 
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The high stresses that crush the abrasive can also crush and fragment hard con- 
stituents in the alloys of this metal sandwich. This can be an important source of 
wear if the alloy constituents are hard without toughness or are not well supported 
in the alloy matrix. White cast iron and austenitic high-chromium irons are two 
hard alloys that resist grinding abrasion poorly, probably because the hard carbides 
that they contain are broken up by the same mechanism that grinds the abrasive. 

In field wear analysis the pattern of an abrasive caught between two metal faces 
should be sought..Where this clearly occurs there is a good chance that our laboratory 
ranking of various wear-resistant alloys will apply. 

The laboratory test apparatus for measuring grinding abrasion was built at Amsco 
sometime before 1928%. It has been used and studied a great deal since. It consists 
essentially of a copper lap, in the form of a ring, that is positioned in a trough that 
can be filled with sand and water. In use the specimen rides on the track under load 
and crushes the test abrasive between itself and the track. Weight loss of the specimen 
provides a measure of wear resistance, which is reported as an abrasion factor. The 
factor is a comparison against the standard, which is annealed SAE 1020 steel. Low 
factors mean low weight loss, which is evidence of high abrasion resistance. 

The reliability of this high stress grinding abrasion test has been evaluated many 


| | | 
todd APPROXIMATE RANK OF | 
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Fig. 2. Reproducibility and ranking ability of the high stress grinding abrasion test of Fig 1. 
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times by replicate runs. Figure 2 shows some of these graphically. The uniformity of 
conditions from test to test is best shown by a quality control chart, as in Fig. 3. 
Note, however, that these variations should not affect the abrasion factors reported 
because the standard is run along with its alloy being tested in every case, and pro- 
vides an inherent correction for the small variation between tests. This is in sharp 
contrast to field conditions, where months may separate the wear periods for two 
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Fig. 3. Quality control chart showing the range in weight loss that may be expected for the soft, 
0.20% carbon steel standards of the grinding abrasion test. 


WEIGHT LOSS OF ANNEALED SAE 1020 STEEL STANDARD 


alloys and where the abrasive may come from different parts of a mine or quarry. 

Quartz has been selected as the standard abrasive because this is the commonest 
mineral in nature and accounts for most abrasion in the field. However, it is expected 
that rocks and minerals will differ in abrasiveness since their compressive strengths 
are different. This has been surveyed in the laboratory and data on quartz sand, 
chert (an impure flint), feldspar (an important mineral in granites) and dolomite 
(from limestone) are summarized in Fig. 4 and Table ITI. 

Good field tests to validate laboratory wear tests are difficult to obtain. Fortunately 
some careful work by the Climax Molybdenum Co. used a number of materials sup- 
plied by our laboratory and provide the correlation shown in Fig. 58-9. The evidence 
here that alloyed steels of the pearlitic air-hardening type, as typified now by Amsco 
Chrome-Moly steel, have abrasion resistance moderately better than manganese steel 
has been confirmed by Norman McClean’s accumulated data* on western ore milling. 

Abrasive fineness has some effect on the abrasion data. Finer particles seem to be 
less abrasive but at the same time the relative performance in relation to other alloys 


* Unpublished field test results from the files of the American Manganese Steel Division. 
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RELATIVE ABRASION RESISTANCE RELATIVE ABRASIVENESS OF COMMON MINERAL 
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Fig. 4. The relative abrasiveness of several minerals and their effect on the abrasion factors of 
several alloys. 


may change. The standard abrasive used, with a 50 grain fineness number, is fairly 
close to that of ball milling practice. 


For years the data from this apparatus were the only reliable figures on abrasion 
resistance that were available to us. This has been a handicap, since the test is not 


Wear, 4 (1961) 427-449 


POOR ~— WEAR RESISTANCE —= GOOD 


439 


“‘QOIALOS [[IUI [Je Y}IM [TOM 9}e[IIIOO SIOJOVF WOISPIGe Ise] a 
‘soSpo dreys Uta Surimzoesy ynq zoOs AToaTzLIEI {souojseUTT] FO 9ATPeJUOSeIdoI [eIOUTIU OY, p 
‘soSpo 3UTJNO Ie[NSUe YIIM S9INZOVIT J] “OATSPIQE [LIOUIUI WOUIUIOD YSOUI PUOIIS 9, o 
“eOLIOUIW UI poutu 910 
aatseiqe ysour oy} ATpoez1odey ‘suorzes10do yorrystp urdof ur yerroyeur oysem oy} Surzuososdor ‘7yxenb jo Ajorrea pospo-dieys ‘ysno, e {4118 urfdof q 
‘yueVIOdUIT SOU POOPISUOD ST PU ‘OINZeU UT DAISLIGe JSSUOTIUIOD 9} SI Z}ICNO ex 


Wear, 4 (1961) 427-449 


Q Lape 8 4 ra LG L, epi LS 9 Gr €z L 06 UOII JOSUL OOW IY 
1S) 
= ol 9 © or vz 9 ol oS S Om ZX 9 €or poTeouue ‘[90}3s OZOI HVS 
fH 
a 
Zi 6:0 Zz ¢ Lo Gil € 1vz 12938 9% Sg'o yseD 
m 
te 0z'0 I eG go oz + CL‘o ce € Lo ZI € Lge Aoj[e [tur Tyeq oosury 
xq 
5 to or € 6:0 Cr ¢ LLY UOIT 4SVO OUIYM OTATIVIG 
& 
S oro z'O I o'r vz 9 ol of + go €1 + Loz [993s sSsouRSUeUT OTJIUOISNY 
a 
a oro zo I Szo 9 z cro €z z £0 ¢ z gcc [epow YqV 
= 
is oro zo I oro oz I oro oz I oro o'r I ool 07e80188e opiqreo usyssuN], 
=) 
< 3 
0, 3 40390 3 40490, 3 40490, 
= San ? ay und 3a ed Bs gee und wae ra a, MUO, os ie : aat a Teed) NH@ pajsay wrsaqwue 90710)9 
oft oor or gs issauaurf uimas Bg 
SIMAUBDAL ADINEUP STuaMsDvAL ADINSU squamsval ADinsUup suds papunoy ImAof jv14VUT 
#o7€ 9 vA Z ISSQUPADY [DAIUIW SYO TT 
papimojoq odvdGSp 13 JT aluaf paysnag ePUDvS ZJAVN() S[DUdAJOUL AQISDAQH 


SAOTIV IVOIGAL AO AONVISISAN NOISVUGV AHL NO SHAISVUAV SQOTAVA AO LOAAAA AHL 


Ill HTaVL 


= ‘ *% : Pe 


440 H. S. AVERY 


ean 


| ess 
Suse 


White Cast Iron 


| 
CORRELATION OF / 
CLIMAX BALL WEAR TESTS ~ ea uK 


AND / 
AMERICAN BRAKE SHOE CO. 
LABORATORY ABRASION TESTS 


(Numbers by data points refer to 
items in AIME TP 2319, Table 4) 
| (57 
| jes | ot ae — — Cr-Ni 
White/ Cast Iron 


vy 
the: Peoriit 
6) Gi = a. 


OF eo we 
a /3 _ | Austenitic 


: Manganese 
Increasing curvature in this 54 : 


range attributed to the _ Fine Pearlite | 


greater impact characteristic ee. lar ei 


of the ball mill test. A 
a ee BI ~ Sy eatery rete 
3 earlitic 
(34) 2 Alloy Steels 
ee 


Volumetric 
Average 

-Mo Forged Ball 
Martensitic 


CLIMAX MOLYBDENUM Co. BALL MILL TEST FACTOR 


Martensitic 
Ni-Cr White Cast Iron 
23:90 —— 
.85C 30 Mo 
WQ+T 300°F 

652 BHN 


LABORATORY WET QUARTZ SAND ABRASION FACTOR 


Fig. 5. A validation study of grinding abrasion resistance in the laboratory against service per- 
formance in a ball mill. 


typical of other forms of abrasion. There has sometimes been a tendency to use these 
figures (primarily because they were the only ones available) when they did not apply 
to the field situation. The development of additional test equipment has relieved this 
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situation. There are at least two other distinct types of abrasion that can be measured 
and recognized. 

To gain familiarity with the area of reproducibility, a closer analysis of the data in 
Fig. 3 is worthwhile. This is a conventional quality control chart applied to the weight 
loss data from the standards used. The standard was selected after experience with 
other alloys, the annealed 1020 steel being chosen because it is a common, inexpensive 
and uniform material. It is purchased as hot rolled bars and annealed as shorter pieces 
to achieve a uniform hardness range near 105 Brinnell. The specimens used as stan- 
dards are then cut off as 1}in. x 24in. x I} in. blocks. The metallographic structure 
of the steel is a mixture of ferrite and pearlite grains. 

Fig. 3 covers the first go tests made in 1952. Three types of points are plotted; 
the individual weight loss values as circles, the average weight loss of groups (of 5) 
as crosses, and the average range of these groups as circles. The limits within which 
these values should fall are calculated from previous experience or from a body of 
data such as appears in the chart. 


Note that the grand average is 14.59 grams. This is the expected weight loss in a normal test, 
but because conditions are not absolutely uniform, we can expect some variation from this level. 
We need to set limits on this variation so we can recognize an abnormal test. By the laws of 
probability, the normal scatter of plus or minus 3.0 standard deviations (abbreviated by the Greek 
letter sigma) should bracket 99% of the data. These limits are calculated from the average range 
(of 5 points) and plotted as upper and lower control limits (UCL and LCL). A point outside these 
limits is suspect, and the test is not accepted as valid. At the same time a search for the cause of 
the wild point is made. 


The average of the 5 item groups and the range of these five is also plotted. The control 
limits for the average of five are narrower than those for individual specimens. 

It is helpful to convert these limits into percentages. The limits are roughly 14.6 + 
0.83, as established by previous testing. The 3 sigma range (0.83) 1s 5.7% of 14.6. 
Thus we can expect normal tests to provide a standard weight loss within + Bo 
of 14.6, or a total scatter of 11.4%. 

Note that previously established limits were used. If the calculations are based on 
the average range on the chart (0.87) the 3 sigma limits are 14.6 + 1.12, or +7.7%,. 
This suggests that conditions are changing slightly, increasing the experimental error. 
Because of this evidence along with direct observations of wear, the copper track 
in the machine was replaced after test #109. 

If the limits drawn on the chart are used there were four questionable tests. With 
the limits calculated as in the last paragraph they would have been borderline but 
acceptable. Most important for our present discussion, out of r00 consecutive tests 
not one was more than 8%, away from the anticipated grand average. This provides 
a good picture of the uniformity of these standardized abrasive conditions when ap- 
plied to a uniform metal. 

The averages of weight loss and range, for groups of 5 tests, are also inspected for 
any evidence of excessive variability. Note that the average weight loss went outside 
its lower control limit after a new batch of sand (the abrasive) was introduced. The 
sand is a recognized variable with a modest influence on weight loss. It was not a 
cause for concern because of this, but it might undesirably reduce the reliability of 
the test except for the fact that the abrasive affects the 1020 steel standard and the 
specimen being tested alike. This is an important feature of the test apparatus. 

It has been pointed out that the 3.0 standard deviation limits, as calculated from 
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the average range, nicely bracket all ninety tests on the chart. However, if the lowest 
range (near 0.4 g) or the highest (near 1.5 g) is used the calculated control limits would 
be half or twice as wide. Since either figure might be encountered by chance if only 
five tests were available, the lack of assured precision is obvious. This is no fault of 
the test or of the statistical calculation methods. It is inherent in a situation that de- 
pends on a small number of observations. The limitation applies with full force to 
all service tests that are not replicated many times under proper control. 

Having established the reliability of this abrasion test in both statistical terms and 
as percentage deviation, let us examine other variables that apply when we test a 
variety of abrasion-resistant alloys. The ranking ability of the test cannot be seriously 
questioned, since the abrasion factors from various materials are spread over a wide 
range. If a big difference between two alloys is apparent, it can be shown by replicate 
tests and scatter bands that the relative ranking could not have occurred by chance. 
However, if two alloys have data that fall close to each other, even though the averages 
may differ, it may require statistical calculations to determine whethcr the difference 
could be due to chance. 

The effect of the abrasive, even between two lots of the same kind of sand, has been 
mentioned. Figure 4 and Table III feature this variable with even greater differences 
in the abrasives. Changes in ranking can occur because of the abrasive, but the great- 
est effect is on the vate of wear or the relative weight loss. This is not very serious in 
the laboratory test because a standard is included with each run. In service tests a 
change in the abrasive may affect two materials being compared so much that ap- 
parent ranking is invalidated. This possibility should never be forgotten. The varia- 
bility can easily occur if ores from different parts of a mine, for example, are ground 
during a comparison of two ball mill alloys. 

When making comparative tests of different alloys these variables of abrasive and 
test method can be well controlled in the laboratory. They are much more difficult 
to control in service. However, even when they are properly controlled, certain metal- 
lurgical variables may be very important and have a great effect on alloy ranking. 
Several examples of these will be helpful. 

Hard facing alloys are influenced by welding method, dilution from the base metal, 
cooling rates, reheating from subsequent weld deposition, and by contact with molten 
fluxes. Differences of a hundred percent in abrasion factor have been encountered. 

Cast and wrought parts are also subject to metallurgical variables, particularly 
chemical composition, section size, heat treatment and cooling rates. 

The effect of chemical composition can be shown with the martensitic nickel— 
chromium iron generally known as NI-HARD. The designation ABK implies that 
this alloy is made under good technical control, avoiding the adverse variables de- 
scribed below. NI-HARD hasa nominal composition of about 3% carbon, 4.5% nickel 
and 1.5°% chromium, with some manganese and silicon. Compare the abrasion factors 
of the several compositions in Table IV. There is almost a 300% difference between 
the best and the poorest. Wide departures from the intended composition are likely 
to occur with cupola melting in contrast with electric furnace production. The in- 
fluence of section thickness operates largely through its effect on graphitic carbon 
(G.C.), which is encouraged by slow freezing rates in the mold. 

The examples in Table IV are not intended to provide a complete picture of the 
metallurgy of this very useful alloy. They are presented to emphasize that neither 
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TABLE IV 


VARIATIONS IN NI-HARD cast IRON 


Hardness 


Grade Variable ee Wet sand 
BHN Re abrasion factor 
ABK* Base line 
ABK Sand cast - I in. section 62 61.6 0.35 
ABK Sand cast - 3 in. section 600 61.5 0.35 
ABK Sand cast - 6 in. section 62 61.2 0.39 
High Manganese 4.32% Mn-1 in. section ANS (47-2 0.71 
High Manganese 4.32% Mn - 3 in. section 418 45.7 0.83 
High Nickel 8.09 Ni - I in. section 402 44.8 1.03 
High Nickel 8.09 Ni - 3 in. section 387 44.9 0.93 
Graphitic 1.15% G.C. - 1 in. section 532 52.7 0.55 
1.3% G.C. = 3 in. section 512 53.5 0.73 

Low Nickel 1.58% Ni -1 in. section 53-2 0.90 
Low Nickel 1.58% Ni -3 in. section 555 51.6 0.80 
Borderline 4.0% Ni-2.0% Cr-1in. section 652 60.3 0.37 
Borderline 4.0% Ni-2.0% Cr-3in.section 652 58.7 0.49 
Borderline 4.0% Ni-2.0% Cr-6in. section 600 58. 0.59 

BHN = Brinell Hardness Number - 3000 kg load 

Re = Rockwell ‘“‘C’”’ Scale hardness 


The abrasion factor is the weight loss/1020 steel weight loss. 


The normal abrasion factor range for ABK is 0.35-0.45. Occasional specimens may go as low as 
0.28. The specimens above were made sound by careful foundry practice. Shrinkage porosity will 
raise abrasion factors, as it lowers abrasion resistance. 


None of these specimens were heat treated; this is an additional variable that may need considera- 
tion. 


* NI-HARD produced by American Brake Shoe Company. 


laboratory nor service tests can be reliable unless the important variable of compo- 
sition is understood and well controlled. 

The influences of both section size and heat treatment are illustrated by the HC 250 
tests in Table V. HC 250 is a high chromium iron with the following composition 
range: 

Mn% 
0.50—-1.25 


40/ 
Si% 
0.25—1.00 


(Cie 
24-30 


C% 

2.25-2.85 

It has been popular in cast form and is also used as a hard facing alloy. It is charac- 
terized by hard carbides of the Cr7C3 type in a matrix that behaves like some tool 
steels. It can be annealed for some machining operations and can be hardened by heat 
treatment. It is free from the tendency to develop graphitic carbon as Nit HARD does. 
HC 250 is also sensitive to composition but in this case other variables are demon- 
strated by using only one composition. The samples were all taken from one ball mill 
liner casting. Because of its geometry, different section thicknesses are represented. 
The liner was cut into several pieces, “‘as cast”’ specimens taken out for testing, and 
large remnant pieces heat treated. After treatment specimens were also cut for 


testing. 
The heat treatment is one that has been found beneficial to abrasion resistance in 
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TABLE V 


EXAMPLES OF THE EFFECT OF SECTION SIZE AND HEAT TREATMENT VARIABLES ON HG 250 


Samples from an “‘as cast 
piece for the heavy section and 12 in. x 163 
from the heavy section was heat treated a 


HIGH-CHROMIUM IRON 


”» ball mill shell liner. Heat treatment done on 12 in. X 16} in. X 6 in, 
in. < 2} in. piece for the thin section. The small piece 
sa2}in. xX 1fin. X 1% in. block. 


Abrasion test sesults 


Lab. No. Condition Re BHN WSAF+* Weight loss Test No. 
WSAC 
‘ Specimen Standard 
Thin Section (24 in. thick) 
AC-339 As cast 57 589 60. 4I 7.0 shy it 15 
AC-339 As cast 59 656 0.44 7-5 17.15 28 Rerun 
AC-728 2000°F-2-AC* 61 73 eOL4O 7.05 16.65 13 
AC-728 2000°F-2-AC* 61 668 0.36 6.45 18.0 33 +£\Rerun 
Thick Section (6 in. thick) 
AC-338 As cast 50 469 0.57 9.55 16.8 14 
AC-338 As cast 51 534. 0.53 8.85 16.7 27 ETI 
AC-727 2000°F-2-AC* 60 652 0.63 10.0 16.0 12 
AC-727 2000°F-2-AC* 60 645 0.56 9.5 16.95 32) en Rerun. 
Small Piece - Thick Section (x4 in. thick) 
AC-661 2000°F-2-AC* 60 626 0.29 4.9 16.8 25 
60 626 0.24 4.0 16.95 31 Rerun 


* Heat treatment code means: Air cooled after 2 hours at 2000°F. 
a WSAF = wet sand abrasion factor. 


light sections. It consists of air cooling after holding at 2000°F for perhaps 2 hours. 

The thin section specimens gave an average abrasion factor of 0.43, as cast. After 
heat treatment (with hardening from Rc58 up to Rc6r, or around 700 Brinell) the 
average factor was 0.41, which is not significant change. The thick section factors 
averaged 0.55, which is significantly poorer. Heat treatment, though it hardened the 
6 in. section from Rc50 up to Rc6o, did not improve abrasion resistance, the average 
factor of 0.60 being superficially worse. 

However, when a small piece was cut from the heavy section, and heat treated as 
a small piece, the average factor of 0.27 is strikingly better than any of the others. 
Note that it reached the same hardness (Rc6o) as the heat treated heavy section. 
Here is a good example where hardness is not a reliable indicator of abrasion resistance. 
This lack of correlation between wet sand grinding abrasion, ball mill service, and 
hardness has been observed repeatedly on a variety of alloys. 

Aside from hardness, note that there are three distinct levels of abrasion resistance, 
0.27, 0.43-0.41, and 0.55—0.60, in this identical alloy. The range due to metallurgical 
variables other than composition is over 100%. Such variables must be known and 
considered if either laboratory or service tests are to be evaluated properly. Metallur- 
gical and composition effects must be considered independently for each type of 
abrasion, since it is known that their relative influences change. 


FIELD EXPERIENCE 


The American Brake Shoe Company has conducted a program of service tests for 


many years. Some of these have been fruitful, but some also have been disappointing 
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for the reasons described earlier. Good service tests require intensive and competent 
supervision on the spot. 

The Climax Molybdenum Company has had this opportunity and their tests range 
from highly reproducible ball mill runs to rough generalizations in more variable 
service. The best of these tests were run in Marcy ball mills at Climax. These mills 
use 3 in. dia. steel balls, but the test alloys are now introduced as 5 in. balls. These 
not only stand out when they must be removed for weighing, but their size is more 
representative of the heavy shell and end liner sections that represent foundry 
products. The reproducibility of the test is shown in Table VI for Amsco CMA alloy. 
This is the current Climax standard for judging the various alloys. 


TABLE VI 


AMSCO CMA ALLOY IN BALL MILL TESTS 


Test series and Climax, Colo. Ball Mill Tests 
material identification 


sft. < 2 fb. 9 ft. x 9 ft. oft. x 9 ft. 


es ‘ Marcy Mill se 
Regrind Mill (20 rev.|min) Marcy Mill 


Series “x”, Reported 14 Jan.’55 Abrasion factors 
Code A Heat 54-261 Ilo + 2 roz + 2 
Code At - Heat 54-280 100 100 + 2 100 + I 
Average weight loss - g/100 sq.cm/day 
Code At (1.07%C) 6.85 18.7 20.0 
Series ‘2, Reported 27 Sept.’55 Number Hardness Abrasion 
206 hours test at 22 rev./min of tests Re BHN factors 
Code Ai, from Series “1” 2 48.50 495 100 +0.2 
Code AA, Heat 55-181 4 52 107.4 + 0.5 
Code AAsI (1.03%) 4 60 104.0 + 0.6 
Code AA-2 (1.03%C) 4 40 95.2 + 0.3 
Code AA-3 (1.03 %C) 4 60 103.8 + 0.7 
Code BB, Heat 55-201 4 55 103.8 + 0.7 
Code BB-r (1.43%) 4 58 100.2 + O.1 
Code BB-2 (1.43%C) 4 44 96.9 + 0.8 
Code CC, Heat 55-207 4 52 114.2 + 0.5 
Code CC-1 (1.87%C) 4 52 113.3 + 3-4 
Code CC-2 (1.87%C) 4 52 109.9 + 2.1 


These abrasion factors are based on A-I as 100, and indicate relative weight loss; thus 95.2 is 
the best and 114.2 the poorest in abrasion resistance. The tests were run in mills charged with 
3 in. balls, but the test materials were abraded as 5 in. dia. balls. Thus they stand out and are easy 


to find for examination. 

A later field test of the CMA alloy as shell liners, corresponding to Code A-1, showed 32% better 
life than 0.85% C Cr—Mo pearlitic steel. 

The nominal composition of the CMA alloy is 1%C, 6%Cr and 1%Mo. 

The range of the group of 2 or 4 tests is shown as + the average; thus all four tests of BB fell 
between 103.1 and 104.5. Actually the extremes were 103.1 and 104.1. The + and — ranges are 
symmetrical only in case the average and the median are the same. 


The first Climax ball mill study was published in 1948 and provided the correlation 
in Fig. 5. From 1954 to 1956 many 5 in. balls made at Mahwah were contributed for 
other tests, including those of Table VI. The broad relationship between the mill 
tests and the laboratory “wet sand abrasion test” is well established. 
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Examination of Fig. 5 shows that predictive ability of the laboratory test dimin- 
ishes at low factors. This is logically explained because the ball mill test involves 
impact, which is absent in the laboratory abrasion. Moreover, a ball mill can be char- 
acterized by several levels of impact, depending on the size of the mill, the size of 
the balls, the speed of the mill and the liner design. Sometimes the terms “hard” and 
“soft’’ are applied to the high and low impact mills. 

This impact can cause chipping and spalling of brittle alloys, and sometimes brittle 
balls fracture. Thus impact failures, small or large, are superimposed on abrasion. 
A pattern of using manganese steel, hardened alloy steels, and martensitic cast irons 
in “hard’’, “medium” and “‘soft’’ ball mills has developed. These are ranked here in 
order of decreasing toughness, and it is significant that our laboratory test ranks them 
thus in order of increased resistance to high stress abrasion. 

Table VII is a comparison of data from Climax work?9, and the nearest matching 
tests in our laboratory. 


TABLE VII 
CORRELATION OF SERVICE AND LABORATORY ABRASION TESTS 


Relative wear rates of some materials for grinding mill liners in high stress abrasion 
(grinding a siliceous ore at Climax, Colorado) 


Item Material Hardness* Relative Wet sand abrasion 
No. Re wear rate factor 
t High chromium white iron (15%Cr 3% Mo) 66 89 0.21—0.30 
2 High chromium white iron (27% Cr) 64 98 0.22-0.85 
3 Martensitic 1% carbon Cr—Mo steel** 55 100 (std) 0.57-0.74 
4 ‘‘Martensitic’’ Ni—Cr—Mo white iron chill cast 59 107 0.25—0.42 
5 Martensitic 0.7% carbon Cr—Mo steel 58 III 
6 ‘‘Martensitic’’ Ni—Cr white iron, chill cast 55 116 0.35-0.45 
7 Martensitic 0.4% carbon Cr—Mo steel 55 120 
8 Pearlitic 0.8% carbon Cr—Mo steel 39 127 0.66—-0.75 
9 Austenitic manganese steel 49 138 0.75-0.85 
10 Pearlitic low chromium white iron 48 195 0.94 
11 Normalized 1020 steel 65 Rb 225 1.00 


* Hardnesses from the average of Rockwell hardness readings on the worn surface after service 
in the ball mill. On materials with austenite in their structure, this surface hardness is usually 
substantially higher than the hardness of the material below the cold worked surface. 

** This “‘standard” material contained 1.0% carbon, 0.8% manganese, 6.0% chromium, 1.0% 


/ 


molybdenum and was hardened by an air quench from 1900°F. 


Climax personnel, in evaluating alloys for grinding mills, conclude that matrix 
structure is more important than free carbides that may be present in the matrix. 
They rank the matrix structures in this order of merit: 

1. High carbon martensite 

2. High carbon pearlite (350-500 BHN) 

3. Bainite 

4. Soft pearlites (below 350 BHN) 

5. Ferrite-pearlite mixtures 

6. Ferrite 

High carbon austenites range in rank from 1 to 4. 

Brake Shoe laboratory experience generally agrees with this, but includes several 
other facts. Carbon content of steels is sometimes more important than structure. 
Chromium adds to the effect of carbon. Graphite in the white irons has a very 
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tested as welded overlays. Some of these alloys 
by other wear tests. 


are ranked quite differently 


Fig. 7. The rank of various hard facing alloys, 
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detrimental effect, as does a soft austenitic matrix. Among the steels and especially 
among the irons there are optimum heat treatments and structures. These can be 
identified more quickly and easily by the laboratory tests than by field experience. 
By using such information for quality control objectives, a premium foundry product 
can be made. 

High stress grinding abrasion, while not common except in ball and rod mills, is 
very important economically because of the large alloy consumption. At the Climax 
mill alone, the cost of wear-resistant materials consumed each year is said to be over 
$1,500,000. Of the entire metal loss in the mine and mill, estimated at 1.8 pounds 
per ton of ore processed, about 88% is attributed to wear of grinding balls and ball- 
mill liners. 


CONCLUSION 


This description of the problems of abrasion testing should provide a foundation for 
critically judging wear tests and the alleged merits of materials that are promoted 
on the basis of tests. It should also provide some insight about ball mill service. 

It deserves reemphasis that unless the reproducibility and experimental error of a 
test are properly established the ranking ability cannot be trusted, whether in the 
laboratory or in field service. It is a fact, regrettable but unavoidable, that few service 
tests are acceptably reliable. 

For those who wish to test the reliability of test data, by confidence limits or stan- 
dard deviations, the attached APPENDIX is provided. It uses the range as the estimate of 
scatter, as do quality control charts, and it is related to the discussions on pages 431 
and 432. In using the range of a few tests for calculating, remember that the range 
itself is subject to errors from chance. Thus, quick statistical calculations of this type 
are better for providing warnings than they are for giving assurance. 

It is planned to follow this paper with another that deals with three types of abrasion. 
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and discussions of a variety of wear-resistant alloys. 
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APPENDIX 
STATISTICAL EVALUATION OF TEST DATA 


Test data almost always show a scatter when more than one item is available. By 
averaging the items we hope to establish the central tendency of this scatter. How- 
ever, the probable true value of the central tendency is likely to differ from the cal- 
culated average. 

Confidence limits are used to show how much the probable true value may depart 
from an observed average. The laws of probability can be used to calculate the chances 
for any given percentage of confidence. The basis of such calculations, for sets of 
data with less than 10 items, is simplest when the range between the highest and the 
lowest value is used as a measure of scatter. 

The factors used with the observed range differ according to the number of items, 
as shown in the table below. The confidence limits of 95°% are generally accepted as 
desirable for engineering work. 


CG a: 


If the range of ‘‘n”’ items is multiplied by the 95°, confidence factor, the result, plus 
or minus the average of the “‘n”’ items, brackets the range within which the probable 
true average should occur 1g out of 20 times. 

Standard deviations are another measure of scatter. By the laws of probability, 
68% of the data items should fall within +1.0 standard deviation (S.D.), 95°% should 
fall within +2.0S.D. and 99% should fall within +3.0S.D. For large groups of figures 
the S.D. is calculated as the square root of the sum of the squares of the individual 
deviations from the average. For small numbers the Deviation Factor multiplied by 


the range gives a good estimate that is much quicker. 


TABLE VIII 
Number (n) of Deviation 95°% Confidence 
observations factor factor 
2 0.89 6.4 
3 0.59 1.3 
4 0.49 0.72 
5 0.43 0.51 
6 0.40 0.40 
7 0.37 0.33 
8 0.35 0.29 
9 0.34. 0.26 
aK) 0.33 0.23 
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VERSCHLEISSERSCHEINUNGEN AN TRU BEPUMPEN UND 
HYDROZYKLONEN 


= M. CLEMENT 
Erzbergwevk Rammelsberg, Goslay (Deutschland) 


(Eingegangen am 29. Juni, 1961) 


SUMMARY 


Parts of pumps and cyclones used in mineral processing suffer from rapid wear. 1 ; 

The efficiency of wear-resistant materials protecting these surfaces has been compared in service 
trials. It is found that a surface covered with a soft rubber yields the longest service life and is 
therefore economic in use. Vulkollan has a shorter life; the wear resistance of cast iron and other 
hard materials is even more inferior. 


UBERSICHT 


In Aufbereitungen fiir Erze und andere Mineralien werden seit etwa 10-15 Jahren in 
steigender Zahl Tritbepumpen und Hydrozyklone, hautfig in Verbindung miteinander, 
zum Fordern, Klassieren, Eindicken und Sortieren von Triiben verwendet. Neben 
verfahrenstechnischen Fragen ist fiir einen erfolgreichen Einsatz dieser Gerate vor 
allem die Lésung des Verschleissproblems wichtig?. 

Uber die Wirkungsweise und die Einsatzméglichkeiten des Hydrozyklons ist in den 
letzten Jahren viel veréffentlicht worden?:3. Hier soll nur auf das Prinzipielle hin- 
gewiesen werden, was zum Verstandnis der Formgebung und der Verschleisserschei- 


nung von Wichtigkeit ist: Die Tritbe tritt im Kopfstiick des Zyklons tangential ein, ~ 


wobei die Eintrittsgeschwindigkeit abhangig ist von der Hohe des Eintrittsdruckes. 
(Die max. Umfangsgeschwindigkeit im Zyklon betragt nach TRAWINSKI v = /2gH 
wobei v = Eintrittsgeschwindigkeit und H = Hdhe des Eintrittsdruckes.) Die 
groéberen Feststoffteilchen wandern auf einer Spiralbahn entlang der Innenwand 
des Konusteiles abwarts, wahrend die Fliissigkeit mit den feineren Teilchen nach innen 
abgeschieden wird und den Zyklon in axialer Richtung nach oben zu verlasst. Die 
Eintrittsgeschwindigkeit der Triibe, die der Umfangsgeschwindigkeit im Kopfstiick 
entspricht, betragt bei einem Druck von 2 atii 20 m/sec. 

Triibepumpen, als einstufige Kreiselpumpen ausgebildet, werden seit drei Jahr- 
zehnten in zunehmendem Umfang in Aufbereitungen zum Heben von Triiben ver- 
wendet. Durch den Fortschritt, der durch die Entwicklung von verschleissfesteren 
Werkstoffen im letzten Jahrzehnt erzielt werden konnte, weitet sich ihr Einsatzgebiet 
noch weiter aus. Das wesentliche Merkmal ist ihre Einstufigkeit, wahrend die An- 
ordnung des Laufrades teils auf horizontal, teils auf vertikal gelagerter Welle erfolgt. 
Die Triibe lauft der Pumpe zu; die Stopfbiichse wird meist mittels Druckwasser 
abgedichtet. Der Wirkungsgrad liegt i.a. niedriger als bei Kreiselpumpen, die Fliissig- 
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keiten heben. Bei Tritbepumpen mit Austrittséffnungen von 50-80 mm @ und Dreh- 
zahlen zwischen 1300 und 1600 U/min betragt die Umfangsgeschwindigkeit des Lauf- 
rades 17-20 m/sec. 


VERSCHLEISS DURCH TRUBEN 


Im Hydrozyklon tritt durch die tangential gerichtete Strémung der Triibe im Kopf- 
stiick, der eine radial gerichtete Komponente entsprechend dem Kriimmungsradius 
zugeordnet ist, ein gleitender Verschleiss an der Innenwandung, sowohl des Kopf- 
stiickes als auch des Konusteiles, auf. Die Tauchdiise, durch die die Triibe den Zyklon 
nach oben verlasst, ist auf der Innenseite, vor allem am unteren Ende, einem Ver- 
schleiss durch die vertikal nach oben austretende Triibe ausgesetzt, wahrend sie an 
ihrer Aussenseite durch die in den Zyklon einstrémende Triitbe abgenutzt wird. 

Bei Triibepumpen tritt am Laufrad und an den Seitenteilen ein gleitender Ver- 
schleiss durch den Triibestrom auf, dessen Geschwindigkeit abhangig ist von der 
Drehzahl und dem Durchmesser des Laufrades. Ein grésserer Verschleiss entsteht 
dort, wo Geschwindigkeitsanderungen und Ablenkungen im Triibestrom, die mit 
Wirbeln verbunden sein kénnen, auftreten. Dies ist beim Eintritt der Triibe in die 
Pumpe und beim Ausstrémen aus der Pumpe der Fall. . 

Die Verschleissvorgange, die bei Hydrozyklonen und bei Triibepumpen auftreten, 
k6nnen zu Gleitverschleiss-Versuchen, wie sie von WELLINGER UND UETz veroffent- 
licht worden sind4, in Beziehung gebracht werden. Bei diesen Versuchen wurde ein 
Probek6érper aus dem zu untersuchenden Werkstoff in einem Behilter, der mit einem 
Feststoff-Wassergemisch gefiillt war, iiber einen langeren Zeitraum bei einer Umfangs- 
geschwindigkeit von 8 m/sec rotiert. Der hierbei aufgetretene Verschleiss des Werk- 
stoffes wurde durch den Gewichtsverlust in Abhangigkeit vom Laufweg ermittelt. 
Man erhielt als Ergebnis dieser Versuche unterschiedliche Verschleisswerte, abhangig 
vom Werkstoff und von der Art des Feststoffes in der Tritbe: Bei Fluss- und Quarz- 
sand liegen die Verschleisswerte von legierten Stahlen sowie von Vulkollan und z.T. 
von Gummi niedriger als von Stahl 37. 

Bei Verschleissuntersuchungen von Riihrern in Flotationszellen wurde eine weit- 
gehende Ubereinstimmung zwischen Versuchsergebnissen, die mit Probekérpern in 
einem mit Triibe gefiillten Behalter erzielt worden sind, und den Ergebnissen, die im 
Betrieb erhalten wurden, gefunden. In beiden Fallen erwies sich Weichgummi als 
Werkstoff fiir den Rithrer gegeniiber Stahlguss weit verschleissfester®. 


DURCHFUHRUNG DER VERSUCHE 


In verschiedenen Fallen kénnen durch Modellversuche langdauernde und kostspielige 
Betriebsversuche ersetzt oder wenigstens abgekiirzt werden, wenn sich durch die 
Modellversuche die Werkstoffe, die sich verschleissgiinstig verhalten, ermitteln lassen. 
Diese Werkstoffe kénnen dann bei Betriebsversuchen eingesetzt werden. Finden die 
Ergebnisse der Modellversuche im Betrieb ihre Bestatigung, so konnen die Versuche 
damit abgeschlossen werden. Um eindeutige Ergebnisse zu erhalten, miissen wenig- 
stens zwei, besser drei verschiedene Werkstoffe untersucht werden. 

Bei der Auswahl des geeigneten Werkstoffes zum Auskleiden von Triibepumpen 
kann man auf diese Weise zum Ziele kommen. Verbesserungen in der Formgebung 
der Pumpenteile lassen sich dagegen nur aufgrund von Uberlegungen konstruktiver Art 
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und aufgrund von Betriebserfahrungen durchfiihren. Bei unseren Versuchen wurde 
eine Anzahl geeignet erscheinender Werkstoffe fiir Pumpenteile im Betrieb neben- 
bzw. nacheinander erprobt, was sich iitber einen langeren Zeitraum erstreckte. 

Auch bei den Hydrozyklonen wurde durch Versuchsreihen im Betrieb der richtige 
Werkstoff und z.T. auch die geeignete Formgebung ermittelt, wobei man auf die guten 
Erfahrungen mit elastischen Werkstoffen im eigenen Betrieb bei anderen Maschinen, 
deren Teile einem Verschleiss durch Triibe unterworfen sind, z.B. bei Flotationszellen, 
zuriickgreifen konnte. Die Versuche wurden durch die allgemeine Entwicklung von 
Einbauteilen aus Weichgummi und deren Befestigung in einem Grundkorper aus Stahl 
oder Gusseisen auf dem Gebiet des Verschleissschutzes giinstig beeinflusst. 


BETRIEBSERGEBNISSE 


Diese beziehen sich auf den Einsatz der Tritbepumpen und Hydrozyklone in den 
beiden Aufbereitungen fiir Rammelsberger Erze, in denen sulfidische PbCuZn-Erze, 
die neben Pyrit als Gangart Schwerspat und Schiefer enthalten, verarbeitet werden. 
In diesen Anlagen werden die Hydrozyklone und Pumpen mit Triiben beschickt, 
deren Feststoffe aus den genannten Mineralien bestehen und Korngrossen zwischen 
250 und 0 p bei einem Anteil von 60-90 % unter 40 yu besitzen. 


(a) Verschleissergebnis bet Triibepumpen 

Die Haltbarkeit der Teile von Triibepumpen, wie Laufrad, Gehause und Seiten- 
deckel, ist einerseits von den Forderverhiltnissen, andererseits von der Bauart der 
Pumpe und vom Werkstoff der Auskleidung abhangig und kann daher sehr verschie- 
den sein. Zwei Falle, bei denen es sich um das Férdern von Roherztritben handelt, 
seien naher erlautert: 

Im ersten Fall hat die Pumpe mit einer Triibemenge von 40 m$/h und einem spez. 
Gewicht der Triibe von 1,5 eine Férderhéhe von 21 m zu iiberwinden. Uber einen 
langeren Zeitraum wurde sowohl eine Pumpe mit Hartgussteilen, als auch eine Pumpe 
mit Linatex-Auskleidung* hierfiir eingesetzt. Bei der Linatex-Pumpe erreichten die 


einzelnen Teile bis zum Verschleiss die 3- bis 5-fache Lebensdauer gegeniiber den Tei- | 


len aus Hartguss bei der zweiten Pumpe, denn ein mit Linatex geschiitztes Laufrad 
hielt 4,273 h, wahrend ein Laufrad aus Hartguss nur 870 h brauchbar war. Dagegen 
wurde der Wirkungsgrad der Hartguss-Pumpe zu 48% ermittelt, wahrend die Linatex- 
Pumpe einen Wirkungsgrad von nur 38% erreichte. Ausschlaggebend fiir den weiteren 
Einsatz war jedoch die héhere Lebendauer und damit verbunden die héhere Betriebs- 
sicherheit und gleichbleibende Férderverhaltnisse bei der Linatex-Pumpe, so dass 
heute an dieser Stelle nur noch eine Pumpe mit Linatex-Auskleidung verwendet wird. 

An einer zweiten Stelle, an der die Pumpe eine Triibemenge von 30 m3/h bei einem 
spez. Gewicht der Triibe von 1.7 auf eine Férderhdhe von 6 m heben muss, wurden iiber 
einen langeren Zeitraum Versuche mit verschiedenen Pumpenauskleidungen, namlich 
Hartguss, Guronit, Vulkollan und Weichgummi, gefahren. Dabei ergab sich in tech- 
nischer und wirtschaftlicher Hinsicht folgendes: Die Auskleidung der Pumpe mit dem 
elastischen Werkstoff, ndmlich Weichgummi, erreichte die héchste Lebensdauer. Die 
Teile aus Guronit, mit Chrom legiertes Gusseisen, hielten zwar langer als Hartguss- 
Teile; die Kosten hierfiir liegen aber weitaus am héchsten. Die Weichgummiausklei- 


* Linatex besteht zu 95% aus Naturkautschuk. 
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TABELLE. I 


VERSCHLEISSWERTE UND KOSTEN VERSCHIEDENER AUSKLEIDUNGEN VON EINER TRUBEPUMPE NW 65 


Lebensdauer in h 


Kosten 
Werkstoff ; 

; Gehause Laufrad (DMjh) 
Hartguss 1,070 855 0.84 
Guronit 1,800 900 1.39 
Vulkollan 2,510 2,510 0.88 
Weichgummi 3,710 3,710 0.65 
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=Z 
=| 
EY 
3000 EY 
EY Kosten 
Y EY DM/h 
= Z 
2000 ey y eee’ 
EY Z Gehause 
ey y Laufrad 
1000 EVA j 
Z 
Y 
Z 


ZA 


SSSSSSSSSSS 


MOTT 
SS 


Hartguss Guronit Vulkollan Weichgummi 


Abb. t. Verschleissdaten verschiedener Auskleidungen einer Triibepumpe NW 65. 


Sti 4. ‘Verschleisserscheinung an den gummierten Teilen einer Triibepnmpe NW 65. 
(a) Seitendeckel; (b) und (c) umstehend. 
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dung zeigt sich sowohl beziiglich der Lebensdauer als auch beziiglich der Betriebs- 
kosten den anderen Werkstoffen iiberlegen, wie aus Tabel I und Abb. 1 hervorgeht. 
Die Verschleisserscheinungen bei Gummi sind auf dem Bild, Abb. 2 zu erkennen; 
wahrend das Laufrad hauptsachlich am Umfang, wo die grésste Geschwindigkeit 


Abb. 2. (b) Seitendeckel; (c) Laufrad. 


vorhanden ist und damit auch der héchste Abrieb entsteht, Verschleiss aufweist, 
zeigen die Seitendeckel an der Einlauf- und Auslaufstelle stirkere Verschleiss- 
spuren. Ahnliche Erscheinungen konnten auch bei Pumpen mit Linatex-Auskleidun- 
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gen, siehe Abb. 3, beobachtet werden. Die Lebensdauer von Auskleidungen aus dem- 
selben Werkstoff hangt in ihrer Héhe, wie schon erwahnt, von den besonderen Bedin- 
gungen am Einsatzort ab. Die Laufrader von zwei Pumpen, die mit Linatex ausge- 
kleidet sind und bei verschiedenem Einsatz fast dieselbe Férderhéhe zu iiberwinden 
haben, erreichen eine unterschiedliche Anzahl an Betriebsstunden bis zum Verschleiss, 
namlich eine 3 in. Li-Pumpei.D. 3,814 h, eine 2 in. Li-Pumpe aber 15,080 h, d.h. das 


(a) 


pom 


Abb. 3. i orscile caereche mung an den Linatex-Auskleidungen einer 2 in. Triibepumpe. (a), Seiten- 
deckel; (b), Laufrad. 
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Vierfache. Die Erztriiben, die von den Pumpen gefordert werden, sind in der mineralo- 
gischen Zusammensetzung der Feststoffe einander ahnlich, wahrend im Kornaufbau 
die Feststoffe der zweiten Pumpe etwas feiner sind. Das Produkt aus Férderstrom x 
Triibedichte = Gewichtsstrom liegt bei der 3 in.-Pumpe um das 3fache hdéher (siehe 
Tabelle II). Da die Betriebsverhdltnisse weitgehend gleichartig sind, kann somit 
angenommen werden, dass die erreichte Lebensdauer und die geforderte Triibemenge 
(Gewichtsstrom) einander umgekehrt proportional sind. 


~ 


TABELLE II 


BETRIEBSDATEN VON ZWEI LINATEX-PUMPEN 


aes Foérderhohe Forderstrom Triibedichte K OEM B ROSS EG, soe Tate 

SSE . a 2 mike ; 

(in.) (m) (L/min) (Rg/l) tr Betriebsst 
3 21 610 1.5 50 3,814 
2 20 270 1.2 85 15,080 


(b) Verschleissergebnis bet Hydrozyklonen 


Die untersuchten Hydrozyklone sind als Klassierzyklone in Mahlkreislaufen oder 
innerhalb der Flotation eingesetzt. Ihr Durchmesser, bezogen auf das zylindrische 
Kopfstiick, liegt bei 100 bzw. 350 mm. Die Hydrozyklone von 350 mm @, deren Durch- 
satzmenge 40-50 m3/h bei I atii Eintrittsdruck betragt, besitzen Weichgummi-Ein- 
satze oder sind mit Linatex ausgekleidet. Nach mehrjahrigem Einsatz weisen die mit 
Linatex geschiitzten Hydrozyklone nur geringe Verschleissspuren auf. Auch die Ein- 
satzteile aus Weichgummi halten mehrere Jahre lang, jedoch eine kiirzere Zeit als die 
Linatex-Auskleidungen. Dagegen ist die Uberlaufdiise im Zyklon bereits nach einigen 
Wochen verschlissen; dieser Verschleiss konnte bisher weder durch ausgewahlte 
Werkstoffe (legierte Stahle, Gummibelag), noch durch verbesserte Formgebung ge- 
niigend herabgesetzt werden. Fiir die Austragdiise dagegen hat sich Weichgummi als — 
geeigneter Werkstoff erwiesen. 

Versuche, auch fiir Hydrozyklone von 100 mm QO, die mit Triibemengen von 15-18 
m3/h bei einem spez. Gewicht der Triibe von 1.2 und einem Eintrittsdruck bis 2 atii 
beschickt werden, einen verschleissfesten Werkstoff zu finden, liefern mehrere Jahre 
hindurch. Auskleidungen aus Schmelzbasalt zeigten bereits nach einigen Wochen 
Auskolkungen, die die Arbeitsweise im Zyklon stérten und schliesslich zu einem 
raschen Verschleiss, insbesondere des Kopfstiickes, fithrten. Zyklone aus Porzellan 
wiesen nach einigen Wochen Verschleissspuren auf, die im Konusteil spiralférmig 
entsprechend der Strémung verlaufen, siehe Abb. 4. Durch den fortschreitenden 
Verschleiss wurde der Porzellankérper so geschwacht, dass er den Beanspruchungen 
des Betriebes nicht mehr gewachsen war. Mit Auskleidungen aus Weissgusseisen 
konnte zwar die Lebensdauer im Konusteil erhéht werden; der Kopfteil dagegen 
unterlag auch hier einem raschen Verschleiss. Eine wesentliche Besserung brachte erst 
die Verwendung von Weichgummi. Bei den Zyklonen mit kleinem Durchmesser ist 
die Herstellung und damit die Formgebung bei elastischen Werkstoffen schwieriger 
durchzufithren. Der Zyklon kann entweder mit einer Auskleidung aus Formgummi- 
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teilen (FR-Type) versehen werden, oder die Gummischicht wird auf den Zyklon- 
k6rper, der aus Stahl oder Gusseisen besteht, aufgeklebt (Abb. 5). Bei den Versuchen 
haben sich beide Arten bewahrt. Unterschiede in der Lebensdauer werden offenbar 
durch die Zyklonform, insbesondere durch den Konuswinkel (10° oder 20°) und die 
Gummiqualitat bewirkt. Besonders bewahrt hat sich ein Konuswinkel von 10° und 
eine Weichgummiqualitat von 40° Shore. 


Fiir die erheblich geringere Lebensdauer der Gummieinsatze bei Hydrozyklonen 


Uberlauf 
4 
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Abb. 5. Hydrozyklon Typ FR. Langs-u. Querschnitt. Masstab 1 :2. 


Wear, 4 (1961) 450-460 


SRB ODDO OC SS EE SS 


458 M. CLEMENT 


von 100 mm @, die 1-2 Jahre im Hochstfall betragt, gegeniiber den mehrere Jahre 
hindurch haltbaren Gummieinsitzen bei 350 mm-Hydrozyklonen ist massgebend: Die 
Eintrittsgeschwindigkeit, die abhangig ist vom Eintrittsdruck, liegt bei den Zyklonen 


Abb. 6. Verschleisserscheinung an der Weichgummi-Auskleidung eines Hydrozyklons von 100 mm 
© von unten gesehen. 
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Abb. 7. Verschleissdaten verschiedener Auskleidungen eines Hydrozyklons von 100 mm @. 


von 100 mm © etwa doppelt so hoch wie bei den Zyklonen von 350 mm @. Ferner 
beaufschlagt bei einem Zyklon von 100 mm @ die einstrémende Triibe die Innenwand 
im Kopfstiick starker als bei einem Zyklon von 350 mm @, da bei ersterem der Kriim- 
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mungsradius kleiner, die Radialkomponente aber entsprechend grésser ist. Auch kann 
sich der kleinere Kriimmungsradius auf den Gummieinsatz infolge Spannungen ver- 
schleisserhoéhend auswirken. 


Das Verschleissbild einer Weichgummiauskleidung eines 100 mm-Zyklons, das Rie- 


TABELLE Il 


VERSCHLEISSWERTE VERSCHIEDENER AUSKLEIDUNGEN VON EINEM HYDROZYKLON [00 mm O 


Lebensdauer in h 


Werkstoff 

Konusteil Kopfteil 
Schmelzbasalt : ey 2,025 
Porzellan 1,913 
Weissgusseisen 2,700 yee 
Gummi I 40/ Shore Harte 8,000 5,600 
(Konus 20°) 
Gummi II, 40/ Shore Harte 16,000 8,000 


(Konus 10°) 


fen und Spuren im Gummi aufweist, zeigt die Abb. 6. Die Verschleissdaten verschie- 
dener Auskleidungen von 100 mm-Hydrozyklonen sind aus der Tabelle III und aus 
der Abb. 7 zu ersehen; aus diesen Werten geht die Uberlegenheit von Weichgummi* 
als Auskleidung zum Schutz gegen Verschleiss deutlich hervor. 


ERGEBNISSE MIT ANDEREN TRUBEN 


Um die in einer Anlage erzielten Ergebnisse allgemein beurteilen zu kénnen, ist es 
notwendig, auch Ergebnisse von anderen Anlagen mit einzubeziehen. In der Ende 
1957 stillgelegten Erzaufbereitung Mechernich, in der arme Pb-Erze mit Quarz als 
Gangart verarbeitet worden sind, hat man eingehende Untersuchungen tiber den 
Verschleiss von Triibepumpen und Hydrozyklonen durchgefiihrt, tiber die ZRENNER 
berichtet hatt?. 

Dort waren bei der Entwasserung der Bergetriibe, deren Triibedichte 1.2 kg/I 
betrug, und die Feststoffe mit Korngrossen von I-0.I mm enthielt in der letzten 
Betriebsperiode Hydrozyklone von 350 und 700 mm © eingesetzt. Die Gummiaus- 
kleidung dieser Zyklone erreichte folgende Lebensdauer: Bei dem Zyklon von 350 mm 
@ hielt die Gummiauskleidung bei einem Eintrittsdruck von 1.2 ati und einer Zulauf- 
menge von 195 m/h rund 500 Betriebsstunden, waihrend beim Zyklon von 700 mm 0 
bei einem Eintrittsdruck von 0.7 atii und einer Zulaufmenge von 275 m3/h die dop- 
pelte Betriebszeit, namlich 1 025 Stunden erreicht wurden. Bei derselben Triibe hielt 
der Belag einer 4 in.-Linatex-Pumpe bei einer Foérderhéhe von 15 m und einer 
Leistung von 90 m3/h etwa 6,000 Stunden. 

Von einer kanadischen Anlage, in der CoNiCu-Erze verarbeitet werden, liegen 
genaue Ermittlungen tiber den Pumpenverschleiss vor. Pumpen der Grosse 5 im. X 
5 in., die mit Gummi ausgekleidet sind, werden zum Heben des Miihlenaustrags einer- 
seits und des Klassiereriiberlaufs andererseits verwendet. Im ersten Fall hebt die 


* Form und Qualitat der beiden Gummiauskleidungen sind verschieden. 
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Pumpe eine Triibe von 2.0 kg/l Triibedichte mit einem Kornanteil von 63% iiber 0.3 
mm 6 m hoch. Hierbei halt eine Ni-Hard-Panzerung nur 10 Tage, wahrend eine Gum- 
miauskleidung eine Lebensdauer von 4 Wochen, d.h. etwa die 3fache Zeit erreicht. 
Beim Heben des Klassiereriiberlaufs auf 7.5 m Héhe mit einer Triibedichte von 1.22 
kg/l und einem Kornanteil von 58% unter 0.074 mm hilt die Gummiauskleidung da- 
gegen etwa 3 Jahre®. 


ZUSAMMENFASSUNG DER ERGEBNISSE 


Die Verschleissergebnisse, die mit Triibepumpen und Hydrozyklonen in den beiden 
Aufbereitungen fiir Rammelsberger Erze, in der Aufbereitung Mechernich und in 
einer kanadischen Aufbereitung fiir CoNiCu-Erze erzielt wurden, sind in bezug auf 
die erreichte Lebensdauer der Auskleidungen sehr unterschiedlich. An allen Einsatz- 
orten aber haben sich elastische Werkstoffe, wie Gummi und Linatex, hinsichtlich 
der Lebensdauer und der Betriebskosten als am geeignetsten erwiesen. 

Folgende Zusammenhiange allgemeiner Art konnten aus den Ergebnissen ermittelt 
werden: 

Auf den Verschleiss, der durch Erztriiben an Auskleidungen von Triibepumpen und 
Hydrozyklonen hervorgerufen wird, nehmen einerseits Faktoren Einfluss, die zich 
auf die Form und die Betriebsdaten der Gerate, wie Formgebung und Grdésse, Werk- 
stoff, Drehzahl bzw. Umfangsgeschwindigkeit des Laufrades und Foérderhéhe oder 
Eintrittsgeschwindigkeit der Triibe in den Zyklon, beziehen. Andererseits ist fiir die 
HGhe des Verschleisses die Triibe hinsichtlich der mineralogischen Zusammensetzung 
und der Kornverteilung ihrer Feststoffe sowie hinsichtlich des Feststoffanteiles und 
der Menge von Bedeutung. 

Bei gleicher Triibe und bei gleicher Triibegeschwindigkeit ist die Héhe des Ver- 
schleisses und damit die Lebendauer der Auskleidung vom Werkstoff und von der 
Formgebung des Gerates abhanging. Der geeignete Werkstoff, bei Gummi z.B. auch 
die Qualitat und Harte, kann durch Modellversuche ausgewahlt werden. Das Ergebnis 
der Modellversuche muss dann durch Versuchsreihen im Betrieb die Bestatigung 
finden. 

Beim Vergleich von Geraten derselben Type, die mit dem gleichen Werkstoff aus- 
gekleidet, aber unter verschiedenen Betriebsbedingungen eingesetzt sind, ist die 
Lebensdauer der Auskleidungen von der Triibe, namlich von ihrer Zusammensetzung, 
ihrer Dichte und Menge, sowie von der Férderhéhe bei Pumpen bzw. vom Eintritts- 
druck bei Zyklonen abhingig. 
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THE ABRASION RESISTANCE OF FLOORING MATERIALS* 
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SUMMARY 


A general discussion of methods of testing the abrasion resistance of flooring materials by funda- 
mental methods, field trials and abrasion machines, with criticisms of methods and proposals for 
a new approach. 


INTRODUCTION 


Floor finishes are installed in buildings to provide: 

(x) protection of the structural floor from such destructive agencies as traffic or 
effluents, 

(2) better appearance, 

(3) increased comfort and safety. 

These three factors are not given equal weight in deciding the floor finish for any 
particular use; in some circumstances the first may be the most important, whereas 
in others the second or third may be required in greatest measure. 

Selection of a finish is, however, seldom made only on the basis of these three 
factors; there is always a desire to obtain best value for the cost. The finish is required 
to retain its chosen properties for as long as possible — it must be durable. Because 
of its importance durability has sometimes been regarded as a basic property of a 
floor finish but it is only the length of time that the chosen properties will persist 
in use and depends as much on the conditions of use as on the properties of the finish. 

There are many influences that operate to reduce the life of a floor finish, such as: 

Wear** 

Water and other liquids 

Indenting loads 

Impact blows 

Sunlight 

Moulds and fungi 

High temperatures 
Of these, wear is of great general importance because it is unavoidable and because 
* Crown Copyright Reserved. 
** The definition of wear is that used at the Conference on Lubrication and Wear of Institution 


of Mechanical Engineers}, i.e. “progressive loss of substance from the surface of a body brought 
about by mechanical action”’. 
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it occurs alongside all the others. A classification of floor finishes in terms of resistance 
to wear is therefore of some importance. 

When there were only a few floor finishes, this classification was usually made on 
the basis of experience of the materials in use. As more and more new materials were 
introduced, there arose a demand both from manufacturer and user for a method of 
assessing new materials in a time much shorter than that required to obtain the in- 
formation by trial. 

METHODS OF MEASURING RESISTANCE TO WEAR 
The problem of providing some indication of the long-term behaviour of materials 
in use is common to many industries and three methods of approach are common. 

(i) An attempt is made to relate the performance of the material to closely defined 
physical properties of the material. If such a relationship can be established, this 
fundamental method of appraisal is the most satisfactory but it is seldom achieved. 

(ii) Materials are observed in actual use and a comparison made of their behaviour. 
This method requires no knowledge of the physical properties of the materials but it 
introduces considerable difficulty in ensuring equivalent use for all materials and 
offers no acceleration. To obtain results more quickly, attempts are usually made to 
increase either the frequency or the severity of the factors deleterious to the material, 
or alternatively to measure the rate of change of a specific property and compare 
this rate for different materials. 

(ii) In order to provide control of the conditions of use it is common to simulate 
them and accelerate them. This, of course, requires considerable knowledge of the 
conditions that need to be simulated and very often tests have been devised that do 
not in fact simulate all the important conditions. 

The testing of the resistance to wear of flooring materials can be approached by 
each of these methods and the progress that has been made is now reviewed. 


Fundamental method 


The fundamental approach to the measurement of wear resistance appears not to 
have been attempted for flooring materials. This is not surprising when considered 
in relation to the summing up by BuRWELL? “‘there has not as yet been developed any 
quantitative empirical relation connecting the quantity of wear with the operating 
parameters such as load, speed and the material constants’. This statement comes 
after very considerable work on metals, which, if not homogeneous, are very much 
more nearly so than the materials used for flooring. BURWELL continues by classi- 
fying the main types of wear as: 

Adhesive or galling 

Abrasive and cutting 

Corrosive 

Surface fatigue 

Minor types 
of which abrasive and cutting wear are by far the most important so far as flooring 
is concerned. He then indicates how cutting wear may be related to the elastic limit 
of strain of the material. Such an approach is obviously applicable to flooring but 
a great deal of experimental work would be needed to bring it to a profitable end. 
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Observation of materials in use 

It is an essential of practical trials of materials that they should have usage of 
equivalent type and that this should be as severe as possible in order to give a result 
quickly. These two requirements have led most investigators to select places of high 
traffic density and large enough for a series of finishes to be laid. If the traffic remains 
constant or can be counted, several successive series can be compared. The inter- 
pretation of this information in terms of potential use in another situation depends on 
a knowledge of the probable traffic density in the new situation. COINTE® has attempted 
to compare the traffic density in his Métro tests with that in an office to find the 
acceleration achieved in the tests. The necessary information about traffic densities 
in various locations could be obtained by an extension of the method developed by 
BATESON?. 

Many investigations of flooring materials laid in busy corridors have been made 
by manufacturers during development work but published information 1s sparse. 

SwARD AND Hart? have tested a series of clear varnishes on oak on a laboratory 
floor. They counted the traffic photoelectrically but made no quantitative observa- 
tions to assess the wear. 

A similar experiment is described by ANDERSSON®, who attempted to compare 
results obtained with the Taber Abraser with practical wear of a series of varnishes 
on linoleum carrying traffic of 3,000 persons per day. Subjective qualitative assess- 
ment of wear was made. 

Brunt? applied eight paints to planks laid in a subway of the Central Station in 
Amsterdam where they were subjected to traffic of 40,000 persons pet day. Only 
visual comparisons were made though the appearance was related to an accelerated 
test and to physical constants of the paints. 

CHAPLIN AND ARMSTRONG® used a connecting corridor of Oxford Circus Under- 
ground Station for trials of different flooring timbers. They estimated the traffic to 
be 7,500 to 12,000 per day over their two sets of test panels. The appearance of the 
blocks was observed periodically and their loss of weight was measured when they 
were removed. 

SCHIEFER?® laid different carpets as a sewn strip in an upper floor corridor of an 
American government office. The traffic was counted photoelectrically and the 
thickness of the pile was measured at intervals during 162 weeks. At the end of this 
period the condition of each sample was assessed subjectively by a panel and an 
attempt was also made to correlate the condition and the loss in thickness with 
physical constants of the yarn. 

GAEDE AND SCHRIEBER!® describe a series of jointless floor finishes laid in a passage at 
Hanover main railway station. The loss of thickness was periodically measured by refer- 
ence to a series of datum points in the sub-floor. The amount of traffic was not recorded. 

Printed felt-base linoleum samples have been laid in Government office corridors 
in Washington and on a stairway at the National Bureau of Standards!. After 12 
months the samples were classified on a letter rating and a numerical rating by a 
panel of 14 observers and the ratings related to weight per unit area of material, and 
tear strength. 

SunpEN?2 laid samples of flooring in the ticket collector’s gate at an underground 
station in Stockholm where 2,000,000 persons passed annually. The decrease of thick- 
ness was measured each month. 
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Service trials have been used extensively by EGNER! in proving an abrasion 
machine®3, For trials involving straight walking he used a corridor in an industrial 
building in Stuttgart and another in the basement of a school. For assessing the effect of 
turning traffic, specimens were laid in a double carriage of a surburban electric train 
of the German Federal Railways. Visual inspections were made from time to time. 

Another large-scale investigation of materials in use in Gare St. Lazare of the 
Paris Métro is reported by CoINnTE?. This author carefully limits the purpose of his 
experiment by calling it a “‘walking machine’’ in which straight walking forces are 
produced naturally. He does not consider that the results in the tunnel can be trans- 
lated to other situations where many other forces in addition to straight walking are 
at work. Loss of thickness was measured from a bridge set on datum points on the 
walls. Compression under traffic was measured when the floorings were removed. 

A service trial of an unusual type has been reported by GIESE AND CANNON!}4, who 
laid several floor finishes in cow stalls and measured the progress of wear by means 
of a profilometer. 

All these investigators have aimed to achieve a quick comparison of materials by 
seeking heavy traffic or by making measurements of loss of material or both. The 
use of a busy corridor, however, introduces difficulties even when all the traffic goes 
all the way along the corridor. Wide corridors are usually provided for heavy traffic 
which automatically spreads across the width. CornTE® allowed for this by dividing 
his traffic count by six, following observation of traffic flow, but this only approxi- 
mates to a solution because the traffic is not concentrated in six lanes. RICHEY!! used 
a stairway because this concentrates traffic but the greatest wear always occurs at 
the nosing of the step and such trials must be restricted to materials that can be bent 
round a nose. SUNDEN!2 made use of the single line traffic at a ticket collector’s gate 
but obviously the number of materials that can be tested must be small unless a 
restricted alleyway of considerable length is used. 

It is a matter of common observation that floor finishes wear more quickly where 
traffic changes direction and EGNER! has taken advantage of this in his test on trains; 
however, difficulties arise here in counting traffic. Two other situations offer better 
facilities. Paternoster lifts have been chosen for some of the trials arranged by an 
International Committee for Wear Tests of Flooring Materials because of the con- 
centrated turning traffic!®. Ticket offices at busy stations also provide a small area 
of concentrated turning traffic where a count is available from the ticket register and 
where one material can be placed below each window, 

The measurement of loss of material appears to be easy but it is beset by difficulties 
such as have been indicated by both ComnTE and EGNER. Normally measurements 
of change of thickness are made from a datum point outside the specimen and the 
apparent change may represent not only loss through wear but may include effects 
of compression or of expansion or contraction caused by changes in temperature or 
humidity. The difficulties can be overcome by using B-ray absorption techniques in 
which a B-emitter is fixed below the finish and the number of particles transmitted 
to the upper side is recorded. The absorption is a function only of the mass of material 
between the source and the counter and any change in count is a function only of 
the mass of material lost. Exploratory work at the Building Research Station has 


shown good promise and the method is considered to be better for practical trials 
than the use of tracer techniques. 
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Laboratory acceleratcd methods 

It is common practice, to obtain quick results, to bring an engine to a “‘test-bench’’ 
and to run it continuously while observing its behaviour. For obvious reasons this 
method has been applied very little to flooring though EMLEY AND Horer!® have 
used it for tests of flooring intended for use in postoffice workrooms. They considered 
that a particular type of truck was the main cause of wear and they ran such a truck 
for 60,000 circuits of a 40 ft. diam., 4 ft. wide track on which 20 floor finishes had been 
laid. The depth of wear was used to classify the materials. 

An experiment of similar type for assessing the wear of boots!? could equally well 
be used for floors if the facilities were available. Five soldiers in different types of 
boots marched at a set pace round a specially prepared concrete track, according to 
a rigid schedule, first in one direction then in the other. The boots were compared 
from time to time. 

Most workers have not commanded facilities on this scale and have developed test 
machines. The machines mostly do not measure wear but only abrasion!, 7.e. wear 
caused by fine solid particles. Many are only simple means of rubbing an abrasive 
on the specimen. They are what SALomon?8 has called hybrids, which neither produce 
service conditions nor yield well-defined physical quantities and as a result they 
“produce figures of no physical significance and of little practical value’’. 

There have been attempts to simulate the conditions of use but some of these have 
been based on guesswork with little real knowledge of what these conditions are. 
At best such simulative machines provide abrasion and a few other factors, e.g. 
impact blows, but they do not reproduce all the factors involved in wear. 

The earliest description of abrasion machines used for flooring was by RONDELET, 
one of the founders of building science, early in the nineteenth century. These machin- 
es are described by WAHL!® and are of the types shown in Fig. 2 (b) and (c). These 
machines seem not to have been used by other workers and the next to appear was 
a machine developed by BAUSCHINGER?® but he acknowledged that he had modified 
the design of a machine shown by the Paris City Authorities at the Paris Exhibition 
of 1878. The Paris machine was designed to press the test-piece against the upper 
surface of a millstone rotating about a vertical axis; in the Bauschinger model the 
millstone was replaced by a cast iron plate fed with emery. The same principle with 
various modifications of detail has been used in many other machines (Fig. Ia). 

In Germany the machine has been developed to become the standard Boéhme 
apparatus? in which a square specimen (7.1 cm) Is pressed under a load of 30 kg 
against a cast-iron plate rotating at 30 rev/min, while natural corundum of specified 
grain size is fed between the two. In France a similar machine known as the Dorry 
machine2? has two cylindrical specimens, 25 mm diameter each under a load of ti kg, 
bearing against a rotating steel disk (45 rev/min) with crushed quartz, 30 to 40 screen, 
fed between the specimen and plate. In France? the abrasive specified is now Fon- 
tainebleau sand. In America the Dorry machine was modified by SHANK?4, who used 
Ottawa sand as abrasive and reduced the number of revolutions for a test. Later he 
modified it still further by covering the rotating disk with leather and rubber. 

In some machines the abrasive is bonded to the rotating disk. For testing concrete 
Ucuipa®5 used a specimen 3 cm x I cm diam. pressed under a load of 0.8 kg/cm? 
against an emery plate rotating at 36.6 rev/min (peripheral speed 24.8 cm/sec). The 
Schildknecht machine?’ has two specimens 10 mm diam. 6 mm thick pressed against 
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Figs. 1-5. ABRASION MACHINES TABULATED ACCORDING TO TYPE. 


By a 
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Fig. 1. Rotation of specimen, abrasive or both. A: abrasive; S: specimen; W: direction of normal 


force. 
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Notes on Fig. r. 
(a) Fixed specimen on rotating abrasive 
Type No. of Specimens Abrasive 
Bauschinger 


H 


Loose emery on cast iron 


Boehme it Loose natural corundum on cast iron 

Dorry Z Loose crushed quartz or natural sand on iron 
Shank 2 Loose natural sand on iron or leather 

Paris I Millstone 

Uchida il Bonded emery disk 

Schildknecht 2 Emery paper: continuously renewed track 


(b) Rotating specimen on rotating abrasive 
Type No. of Specimens Abrasive 
Olsen I Loose artificial corundum on iron 
(which also lifts 
and drops) 
Amsler 2, Loose emery or sand on iron 
Kessler I Loose alundum on steel 


(c) Rotating abrasive tool on fixed specimen 


Type No. of Specimens Abrasive 
Scripture I Loose silicon carbide and 2 bunches of wheels 
Schumann I Loose silicon carbide and 3 steel disks 
Davis I 41 t-in. steel balls below rubber rotating head. 


(d) Rotating abrasive on rotating specimen 


Type No. of Specimens Abrasive 
Schiefer I Various mechanical arrangements 
Ebener I 5-18 mm balls in groove 


(ec) Abrasive wheel on specimen 


Type 
Taber 2 idling wheels of bonded abrasive. Specimen driven 
N.B.S. Carpet Machine One abrasive wheel drives; other brakes; specimen idles 


(f) Specimen on abrasive cylinder 


Type 
Dahlem I specimen traverses cylinder covered with emery cloth 
Anstett 6 specimens fixed against iron drum; loose sand abrasive 
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a disk covered with emery paper (40 grade) under a pressure of 127 g/cm2. So that the 
specimens are continuously abraded on new emery they ‘‘track’’ inwards like a 
gramophone pick-up and at the same time the rotational speed of the plate alters 
to maintain constant linear speed of 44 cm/sec. 

The Kessler2?, Amsler28 and Olsen?9.3® machines are similar but each involves 
rotation of the specimen as well as the plate (Fig. rb). In the Kessler-machine 3 
specimens, 2 in. square, are held against a rotating iron disk under a load of 2 kg each. 
The disk rotates at 45 rev/min and the specimens at 22 rev/min in the same sense. 
Artificial corundum (No. 60) is fed on to the disk. The Amsler machine has two 
specimens (3 in. x 3 in.) rotating at 3 —5 rev/min, which are pressed against a cast 
iron disk rotating at 30 rev/min in the same sense as the specimen producing a relative 
linear speed of 1 m/sec. The load on the specimen can be varied, as can the type and 
rate of feed of loose abrasive. The Olsen machine has one specimen (3 in. x 2 in.) 
rotating at 32.5 rev/min and pressed with a load of ro Ib. against a steel disk rotating 
at 23.5 rev/min in the same sense. Twice in every revolution of the specimen it is 
lifted 1/16 in. and allowed to drop on to the disk. The abrasive is alundum (No. 80). 

In another series of machines of similar design the positions of specimen and abrasi- 
ve are reversed. Three machines (Fig. 1c) have rotating abrasive on a fixed specimen. 
ScRIPTURE®! uses a power-driven bench drill with a crossbar, carrying 32 freely 
rotating dressing wheels, in the chuck. The drill is rotated at 180 rev/min while the 
wheels are held against a concrete specimen under a load of 18 lb.; silicon carbide 
(No. 60) is the abrasive. SCHUMANN AND TUCKER®? use a rotating plate carrying 3 in. 
diam. cold-rolled steel abrasion disks on vertical shafts. The plate rotates at 2 rev/min 
and the disks at 180 rev/min. The pressure with which the disks rest is 4.4 lb./sq.in. ; 
the abrasive is carborundum No. 60. The Davis apparatus®® provides a 1000 Ib. load 
to a 12 in. diam. rubber-covered head rotating at 60 rev/min which contacts forty-one 
I in. steel balls resting on the concrete specimen. The specimen and balls are sub- 
merged in circulating water to remove eroded material. 

Motions of similar type are incorporated in two machines in which both abrader 
and specimen rotate (Fig. 1d). The Schiefey machine34,35* was originally designed for 
use with textiles but subsequently used for flooring. The specimen and abrasive 
rotate with the angular velocity (250 rev/min) in the same direction about their axes, 
which are parallel and one inch apart. The abrader is pressed on the sample with a 
load that can be adjusted. The Ebener machine3*.37, which is similar to the Davis 
machine above, has been standardized in Germany for abrasion tests on concrete. 
The specimen (15 cm 15 cm) is rotated at approximately 22 rev/min. On it rest a 
tool with five 18 mm diam. steel balls in a hardened raceway of 33 mm diam. The 
head rotates at 35 times the speed of the specimen, in the opposite sense, about a 
vertical axis which is parallel to but 40 mm away from the axis of the specimen. 
Loads of 20-50 kg are applied to the head. An annular track is worn. 

Two machines employ a horizontally rotating specimen in the form of a disk and 
the abrasive in the form of a wheel resting on it (Fig. re). Better known of the two 
is the Taber Abraser#®,40 in which the specimen is driven at 60 rev/min and two 
abrasive wheels mounted on the end of lever arms idle on it. The load on the wheels 
is adjustable and various grades of wheel can be used. The National Bureau of 
Standards carpet-testing machine® is more complicated. The specimen is mounted on a 
* See Wear, 3 (1960) 388. 
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17 in. diam. free turntable; on it rest two leather-shod wheels which can be loaded 
by different amounts. One wheel is driven and causes the specimen to rotate, whereas 
the other is connected to a variable link brake thereby producing a controlled amount 
of slip. 

Two machines make use of a rotating abrasive cylinder (Fig. rf). The German 
Standard rubber abrasion machine, sometimes known as the ‘“Dahlem machine’’4!, 
which has been used for flooring, has a horizontal cylinder (15 cm diam.) covered 
with No. 60 emery paper, on which the specimen (1.6 cm diam., 0.6 cm thick) rests 
under a pressure of 500 g/cm?. The relative speed of sample to abrasive is 0.3 m/sec. 
The specimen tracks along the cylinder. The Amstett machine??.42 is much larger. Six 
prisms, 4.5 x 6.5 x Io cm thick, rest on a cast-iron cylinder (60 cm diam.) turning 
on a horizontal axis while sand is fed between the two. The pressure on the specimens 
is 250 g/cm?. 


(a) (c) 


Fig. 2. Rectilinear motion between specimen and abrasive. A: abrasive; S: specimen; W: direction 
of normal force. 


(a) Uniform speed of abrasive relative to specimen 


Type Abrasive 
Armstrong Garnet paper 


(b) Harmonic motion between abrasive and specimen (specimen on abrasive) 


Type No. of Specimens Abrasive 
SPA 2 (moving) Emery paper 
EMPA 3 (fixed) Corundum paper 
Martindale 1 (moving in Emery cloth 


Lissajous figures) 


(c) Harmonic motion between abrasive and specimen (abrasive on specimen) 


Type 
Usubel Flat abrasive shoe covered with emery cloth 
Lausanne Flat leather shoe with loose silicon carbide 
A’Court Flat cast iron shoe with loose sand 
Sachsenberg Sharp-edged steel tool for abrading 
Lyons Flat abrasive block 
Shawmutt Steel moving in sinuous path 
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Rectilinear motion between sample and abrasive is a feature of a large group of 
machines. The Avmstrong machine*? is simplest in concept (Fig. 2a): the specimens 
move vertically upwards and are pressed against a belt of garnet paper moving down- 
wards. The relative speed of paper and specimen is 100 cm/min and the contact 
pressure can be adjusted. 

Several machines use a cam to produce reciprocating movement and thereby 
produce constantly changing speed of specimen relative to abrasive. These machines 
are divided into those with the specimen resting on the abrasive (Fig. 2b) and those 
with the abrasive resting on the specimen (Fig. 2c). The machine used by the Statens 
Provningsanstalt 44-45 has a double specimen holder (each specimen 7 7 cm) pressed 
against a belt of abrasive paper (Naxos No. 34) under a load of 5 kg. The specimens 
reciprocate at 50 double strokes per minute and after each double stroke the abrasive 
belt is moved forward by an amount that advances it by the width of the specimens 
after 35-40 double strokes. The EMPA machine“, has a specimen (6 x 6 cm) resting 
under a pressure of 0.11 kg/cm? on a reciprocating band of No. 8 corundum paper 
which moves through a stroke of 20 cm at an average speed of 0.23 m/sec. Worn 
material is removed by rotating brushes and a suction pipe. 

More complex is the Martindale machine4’, which is much used for coated fabrics. 
The sample, 14 in. diam., moves under an adjustable load across a fixed table topped 
with emery cloth. The movement may be varied from simple reciprocation to the 
resultant of two harmonic motions at right angles. The Shawmutt carpet tester4® also 
develops a complicated movement. A hardened steel hollow cylinder, 2? in. outer 
x 2 in. inner diam., with grooves in the end face is pressed under a load of 60 Ib. on 
a stretched sample. This oscillates } of a turn at 400 c/sec and lifts every 5 sec while 
the sample moves in a figure-of-eight path at I c/sec to abrade every part of an area 
about 34 in. square. 

The Usubel machine*®, designed by the Institute Meurice, Brussells, has a shoe 
8cm x 5 cm covered with emery cloth (No. 100), which rests on the specimen under 
a load of 3.5 kg. The shoe reciprocates at 30 double strokes/min with a stroke of 6.8 
cm. Swarf is removed with compressed air. The Lausanne machine®® has a leather 
shoe (5.6 cm diam.) resting on the specimen under a load of 2.4 kg. Two holes (1 cm 
diam.) in the shoe allow for a feed of No. 100 silicon carbide. By means of an eccentric 
linkage the shoe reciprocates through a stroke of 8 cm at 55 times/min. The a’Court 
machine®! imparts a reciprocating motion to a specimen (6 in. x 4 in.) held ina frame. 
The length of stroke is 2.75 in. and a double stroke occurs 30 times/min. A cast-iron 
hopper containing sand rests on the specimen (load 7.2 kg) and the sand feeds on 
to the specimen through a slot in the bottom of the hopper. In the Sachsenberg 
machine? a sharp-edged steel tool is caused to reciprocate under load across the 
surface of a wood specimen. 

In the Lyons machine? the specimen is held vertically and an abrasive shoe reci- 
procates against it; pressure between the two is maintained by a spring. The machine 
can also impart impact blows to the specimen. 

An early French machine has inspired another group of machines (Fig. 3). The Deval 
test®?.>4 was in regular use for testing road stones in France in 1870. It consisted of 
a rotating drum containing pieces of stone (Fig. 3a). This test was modified and finally 
standardized in the U.S.A. in 1946 as a test for coarse aggregates for concrete®®, 
The drum is a cylinder 20 cm diam. x 34 cm long. This rotates about a horizontal 
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Fig. 3. Impact abrasion. A: abrasive; 5: specimen. 


(a) Specimens falling on abrader 


Type 
Deval Drum rotates off axis; specimens mixed with cast iron balls 
Los Angeles Drum rotates on axis but has shelf; specimens mixed with cast iron balls 
USA Rattler As Deval but much heavier 


(b) Abrasive falling on specimens 


Type 
Abvams 


BrinewSiandard Rotating box charged with iron balls 


(c) Sand blast 


Type 
Gary Sand at 3 atmos. in air 
Ruemelin Broken steel shot at 90 p.s.i. 
Carter Sand at 60 p.s.i. (upwards) 


axis inclined at 30° to the natural axis of the cylinder for 10,000 revolutions at 33 
rev/min. It is loaded with aggregate and about 400 g of 1% in. diam. cast-iron balls. 
The Los Angeles machine®® is very similar and is also used for measurements on coarse 
aggregate. In this, the drum, 28 in. diam. x 20 in. long, contains a shelf 34 in. wide 
running the length of the drum. The drum charged with 400 g of 1§ in. cast-iron balls, 
rotates about its axis for 500 or 1,000 revolutions at 33 rev/min. The ASTM Rattler 
test for paving brick®? uses a very heavy drum rotating about its axis. The charge in 
the drum is 10 bricks with a mixture of 3.75 in. diam. (7.5 1b.) and 1.875 in. diam. 
(0.95 Ib.) cast-iron balls to give a total weight of balls of 300 Ib. The drum rotates at 
approximately 30 rev/min for 1,800 revolutions. ABRAMS58 modified the Rattler test 
to use it for testing the abrasion resistance of concrete (Fig. 3b). He lined the drum 
with segments of concrete which rotated with the drum. The drum was filled with the 
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charge of spheres defined in the Rattler test and during rotation the balls fell on the 
concrete. A similar method is described in the British Standard for concrete paving 
flags5®. Samples, 2 ft. x 1 ft., form the internal faces of a rectangular box which has 
metal ends. The box is rotated about its longer axis at 60 rev/min for 24 h, then in 
the opposite direction for a further 24 h. It is loaded with 1,000 hard steel or chilled 
cast-iron balls (4 — jg in. diameter). 

Abrasion by means of a jet of sand has been used for testing various materials 
(Fig. 3c). GARY®™used a jet of sand under a pressure of 3 atm for 2 min as a test for 
bricks and paving stone. SCHUYLER®! avoided the need for compressed air by im- 
pelling the abrasive centrifugally against the specimen. The Ruemelin test for con- 
crete37 used No. 20 broken steel-shot ejected at go lb./sq. in. air pressure from a } in. 
nozzle against a specimen 4 in. away. The shot is discharged at 500 g/min for 4 min. 
The Carter machine used for testing linoleum and plastics sheeting® has the samples 
arranged as segments on a 12 in. diam. horizontal disk rotating at 60 rev/min. A jet 
of grit is directed upwards against the specimens from a nozzle 3 in. diam. under a 
pressure of 60 Ib./sq. in. 

Some abrasion machines have been designed specifically to simulate either foot 
or truck traffic (Figs. 4 and 5). 

The Stuttgart machine (Fig. 4a) was developed by EGNER in 1932°%. In its earlier 
form the specimen was fixed to a reciprocating table and on it rested, under a 
load of 17 kg, a curved shoe shod with emery cloth. As the sample moved to and 
fro the shoe rocked in much the same way as a walking foot. By adjustment of the 
stroke and the pivot point of the shoe it was possible to produce a known amount of 
slip at each end of the stroke. This machine was further developed to the present-day 
Stuttgart machine in which a 20 x 20 cm specimen is given a rotational movement 
about a vertical axis so that it rotates four turns for each 41 double strokes of the 
reciprocating movement. EGNER uses this machine in a complicated testing schedule 
in which agencies other than abrasion are also involved. 

The principle of the original Stuttgart machine has been adopted with improve- 
ments of detail in the Casper or Oberlahnstein machine® at one time used by COINTE?3, 

CHAPLIN AND ARMSTRONG® (Forest Products Research Laboratory (U.K.)) assumed 
that the action of walking has two important features — impact and rubbing. In 
their machine (Fig. 4b) a flooring panel (36 x 21 in.) reciprocates below a metal- 
studded “‘stamper’’ weighing 30 lb. which drops 115 times per minute from a height 
of 7 in., and an abrasive pad made from brake-lining which carries a load of go lb. 
and rotates at 24 rev/min. Both tools traverse the specimen at 2 in./min while the 
specimen reciprocates at 22 ft./min. Qualitative assessment of wear made after 50 
and 100 hours is similar to that observed in practice. 

The machine used by the Swedish Forest Products Research Laboratory®$ is very 
similar in principle; the abrader is a metal disk (8 cm diam.) with a carbide cutting 
edge set across the circular face and, instead of the impact tool, two loaded (70 kg) 
rotating cylinders (6 cm diam.) compress the surface fibres of the wood. The disk and 
rollers both rotate at 50 rev/min and the specimen (150 x I00 cm) reciprocates at 
12 sec per double stroke. Qualitative assessment of wear is similar to that observed 
in practice. 

Another machine designed for testing wood is that devised by KoLLMAN®? in which 
a “foot’’ faced with leather and shod with silicon carbide abrasive paper is dropped 
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(e) (f) 


Fig. 4. Machines simulating foot traffic to various degrees. A: abrasive; S: specimen; W: direction 
of normal force. 


(a) 


Type 
Casper Harmonic motion with rocking abrasive shoe and variable slip 
Stutigart As Casper, but specimen periodically rotates 
(b) 
Type 


Chaplin & Aymstrong Stamper and scuffer 
Thunnell & Perem Disk with cutting tool and rollers 


(c) 


Type 
Kollmann Sinusoidal track of abrasive in plane of specimen 
(d) 
Type 
Stockholm Elaborate relation of movement with time 
(e) 
Type 
U.S. Testing Co. Hammering action 
Scheid Hammering action 
(f) 
Type 
N.B.S. Walking wheel 


BAIN: 


Walking wheel 
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on a small specimen (5 x 5 cm) under a load approximating to the weight of a man 
(Fig. 4c). The specimen then reciprocates in a sinusoidal path under the base of the 
foot. The decrease in thickness of the test piece is measured after 20,000 strokes. 

An elaborate machine to simulate foot traffic (Fig. 4d) has been developed by 
NYBERG AND GROTH’8 and related to practical trials. A specimen, up to I m square, is 
covered with sand 1 g/m? and on it is placed a leather-shod “‘foot’’ (9 cm diam.) under 
a load of 57 kg. The foot moves 16 mm while turning through 7°; the shoe is then 
lifted and is set down in another place; the whole cycle takes 4 sec. The material 
abraded is weighed. 

Two machines designed for testing carpets simulate the action of walking (Fig. 4e). 
In the first®8 ‘‘heels’’ with a flat surface and rounded front-edge are pounded into the 
pile of a carpet to give a penetration equal to that occasioned by the weight of 30 lb. 
on I sq. in. of the carpet. The heel then moves across the carpet dragging behind it a 
loose piece of emery cloth. The number of cycles required to reach “‘beyond service 
fitness’ is recorded. This is the only test schedule found in the literature that utilizes 
this concept. The other machine®® uses a stamping “‘foot’’ (II cm diam.) which drives 
downwards and forwards on the specimen with decreasing forward velocity so that the 
pressure is a maximum when the horizontal velocity is zero. The stamper is shod with 
leather into which emery has been hammered; the sample is rotated during the stamp- 
ing beats. Decrease in the height of the pile is the criterion of wear. There are two 
machines of the walking-wheel type (Group 4f) the actions of which bear some re- 
semblance to that of walking. The machine designed by the National Bureau of 
Standards”° has a wheel, 4 ft. diam., carrying a load of 275 lb. and shod with 8 wooden 
blocks (6 x 13 x I4in.) covered with } in. of rubber and a wearing surface of leather. 
This produces both bumping and slipping as the wheel moves at 2 m.p.h. round a 
track 4o ft. in diameter and 4 ft. wide, covered with 20 test pieces. This is the same 
track as that used by EMLEY AND HoFER!*. The depth of wear is recorded at intervals 
up to 60,000 revs. 

The Forest Products Research Institute TNO”! has used a “‘walking wheel’ to test 
the wood for making wooden shoes and that used for decks. The test pieces are 
mounted on a wheel which is made to rotate eccentrically about its axis while rolling — 
round a track of paving bricks for a total distance of about 5,000 metres under a load 
of 30 kg. The wheel produces a rolling bumping action. 


Fig. 5. Machines simulating truck traffic. (a) WAsTLUND AND ERIKSSON7?2:; (b) CovELL?3; AHLERS, 
LINDON AND Brrp?4. A: abrasive; S: specimen. 
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Other machines that simulate the wear on a floor in industrial conditions are based 
on the rolling and turning action of a wheel (Fig. 5). WASTLUND AND ERIKSSON72 
modified a machine originally designed by the Swedish Road Institute. Concrete 
flooring was laid in sections on a track of 440 cm inner and 610 cm outer diameter. 
The wearing devices are (a) two truck wheels with solid rubber tyres (63 cm x 6 cm 
wide) under a load of 800 kg and driven separately by electric motors, (b) two steel 
truck wheels 30 cm diameter by 6.5 cm wide set at an angle of 4° to the radius and 
carrying 100 kg. Only the wheels with rubber tyres are driven, the steel wheels are 
carried round by the same framework but on separate tracks. Depth of wear is 
measured. 

A machine using truck wheels has been described by CovELL’? and modified by 
AHLERS, LINDON AND Birp”4. It consists of a frame carrying four metal truck wheels 
that describe circles of 36, 40, 44 and 48 in. respectively. These machines are trans- 
portable and have been used on actual concrete floors. 


DISCUSSION 


A feature common to many of the service trials and laboratory tests is that they are 
concerned primarily with loss of material although some make a qualitative assess- 
ment of the condition of the worn surface. None involves measurement of change of 
appearance or change of comfort quality, which as already mentioned are important 
basic properties. These factors are much more difficult to assess and this in part 
accounts for the concentration of effort on measurement of loss of material. 


Kees.) 


Cumulative loss of volume 


Abrasion time (h) 
Fig. 6. 


Most of the investigators assess the loss of material by weighing; not all convert 
this to terms of volume or of thickness. In comparing widely different materials loss 
of weight can have no practical meaning, for what is of concern is how much of the 


available thickness has been used. 
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It is also the common practice to measure loss of material after an arbitrary time 
of abrasion. Comparison of materials in this way carries an assumption that the loss 
is proportional to the time of abrasion. It is now known that this is not so; it is possible 
for graphs of loss by abrasion against time for different materials to cross, thus giving 
a different relative ranking at different times (Fig. 6). 


Comparison of materials 

Comparison ofmaterials either in service trials or by means of abrasion machines 
can not be made at arbitrary times but should be made at a point on the abrasion— 
time curve that has some significance in terms of use. The only significant point is 
when the specimen has lost so much material as to be unserviceable. This point can 
then be used to find how long abrasion must be continued and the comparison of 
materials can be made on the basis of this time. 

Since it would take too long in either a practical trial or with a machine to measure 
this time directly it must be calculated. This can be done from the empirical equation 
developed by BuIst*®. 

E=al® 


where L is loss of thickness, T is time, and a and are constants. So far, the Building 
Research Station data on flooring materials agree with this formula; is usually 
close to unity but may range from 0.9 to I.I. 

There can be more than one opinion of the end criteria to be adopted for deciding 
on loss of serviceability which in practice depends on the material, the use, and the 
tastes of the user. Nevertheless, certain assumptions can be made to arrive at a rea- 
sonable evaluation; materials can be regarded as being no longer serviceable when: 

(1) those having a thin decorative surface have become altered in appearance to 
a marked and irreversible extent, 

(2) the material has worn through, 

(3) those materials thicker than 4 mm have worn to a depth of 4 mm. 

The first criterion applies to materials with a thin decorative coating over a differ- 
ently coloured backing, e.g. printed felt-base linoleum. When the coating has worn ~ 
through, the flooring is still serviceable in many ways but it no longer retains its 
initial appearance. Usually the time required to wear through the top coating is short 
enough to be measured directly. 

The second criterion applies to the large majority of flooring materials. It is not 
strictly realistic because many materials fail from causes other than abrasion (e.g. | 
tearing) when they have become very thin but it is impossible to define, for every — 
material, the thickness at which failure from other causes intervenes. 

The third criterion is based on the observation that floors wear unevenly and in 
tracks where traffic concentrates. Wear to a depth of 4 mm has been arbitrarily chosen 
as representing the maximum depth beyond which tracks become unsightly. It is 
realised, however, that the tolerable depth of wear may depend on the texture and 
colour of the finish. 

On this basis floor finishes can be compared in practical trials or in machines either 
by long term tests or by measuring the loss of material sufficiently frequently to 
define the regression of log L on log T and extrapolating to determine the time needed 
to produce the stipulated amount of wear. 
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Ranking materials in this way by machine tests, however, is valid only in relation 
to the machine on which they are tested, and it has to be proved that both the type 
of wear and the ranking produced are comparable with those produced in practice. 
Not many users of the machines described have attempted to make this comparison. 
Where the comparison has been made with a wide range of materials the correlation 
has seldom been encouraging. The existing machines are often satisfactory in the more 
simple problem of comparing materials of a similar kind. CHAPLIN AND ARMSTRONG®5 
and THUNNELL AND PEREM®® successfully compared timbers, albeit qualitatively; 
ABRAMS?®8 and A’CourT’®, using different machines, have classified concrete in the 
order of their known quality. The experiments of the Study Committee15 have shown 
that the wear machines used were capable of classifying samples of polyvinyl chloride 
sheet of differing properties in the same order. 

On the other hand the Study Committee’s work with a wide range of types of 
material shows little consistency in the results from different machines. This probably 
arises because the machines do not simulate service conditions sufficiently closely, 


Mechanical principles involved 


It is a wrong approach to try to accelerate the rate of abrasion by increasing the 
magnitude of the applied forces beyond the normal range. The better way is to apply 
forces of the magnitude of those met with in practice, and for the same length of time. 
This is particularly so of the torsional forces. The torque available should approximate 
to that generated by a foot; this will in some circumstances cause the abrasive to 
move relatively to the specimen and in others it will be insufficient because of high 
opposing friction. In most machines the amount of power available is such as to cause 
relative movement in all circumstances and as a result the abrasion scale is distorted. 

An investigation has recently been completed’? at the Building Research Station 
of the forces applied by the foot to the floor in walking and turning on the level. 
These data are being used as a logical basis for the design of a machine for the evalu- 
ation of the abrasion qualities of flooring materials subjected to foot traffic. 
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SUMMARY 


Because the results of abrasion tests of flooring materials on different machines are mostly at 
variance an international group has examined these discrepancies more systematically. 

Seven commercial, organic flooring materials have been tested with the normal testing tech- 
nique on 21 abrasion machines and the results have been compared with the results of practical 
wear trials. 

The correlation between the results obtained from different machines was poor and only a few 
machines correlated fairly satisfactory with the practical trials. No correlation was apparent 
between the results of the different machines and their mechanical characteristics. Better correla- 
tion was obtained between results from different machines when several qualities of the same 
type of material were tested. 

It is concluded that many abrasion machines may give useful results for one type of flooring 
but it is exceptional for a machine to be capable of comparing a range of different types or judging 
new materials. 


INTRODUCTION 


The assessment of the abrasion resistance of flooring materials is of some importance 
to both manufacturer and user, and much accelerated testing has been undertaken. 
It has, however, become increasingly clear that the ranking of materials depends on 
the machine used for testing. 

On the initiative of B. FromMEs of Luxembourg an International Study Committee 
for Wear Tests of Flooring Materials was formed to examine more systematically 
the discrepancies between different machines. In this work the following have co- 


operated: 


B. FromMEs, president Luxembourg 
(BAM)* Bundesanstalt fiir mechanische und chemische 

Materialpriifung Berlin-Dahlem 
(BRS) Building Research Station Garston, U.K. 
(CSTB) Centre Scientifique et Technique du Batiment Paris 
(CEDOC) Centre Belge de documentation et d’information de la 

construction Brussels 
(EMPA) Eidgenéssische Materialpriifungs- und Versuchsanstalt Zurich 


* The initials are used throughout the report. 
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(FMPA) Amtliche Forschungs- und Materialpriifungsanstalt fiir 

das Bauwesen Stuttgart 
(IFB) Institut fiir Bauforschung Hannover 
(KI-TNO) Kunststoffeninstituut T.N.O. Delft 
(LN) Laboratorio Nacional de Engenharia Civil Lisbon 
(LEML) Laboratoire d’ Essai des Matériaux Ecole Polytechnique Lausanne 
(NBS) National Bureau of Standards Washington 
(SNB) Statens Namnd for Byggnadsforskning Stockholm 
(SPA) Statens Provningsanstalt Stockholm 
Ratiobouw, rapporteur Rotterdam 


In addition, the following commercial organizations contributed by carrying out 
the Committee’s test programme on their machines 


(AC) Armstrong Cork Co U.K; 
(DA) Datwyler A.G. Altdorf Switzerland 
(JW) J. Williamson Ltd. Uke 
(MN) M. Nairn Ltd. U.K. 


Experiments were undertaken with the aim of examining the performance of many 
different abrasion machines in comparing samples of seven different flooring materials. 
In addition, and more important, the results of the machine tests were to be evaluated 
against the results of practical service trials. 

The flooring materials were distributed to each laboratory and were tested on 17 
different abrasion machines (with duplication of machines—2r in all). The same 
materials were laid in four practical trials. 

Since a complete study of wear and abrasion of flooring materials is intricate and 
infinite, and systematic variations of the many complicated factors involved would 
lead much too far, it was agreed that the present examination of the discrepancies 
between the results of abrasion machines must be confined to tests in which the 
abrasion is determined with the routine testing technique—that normally used in 
the relevant laboratories—without systematic variations; (only one systematic 
variation was studied, see Table IV). 

With regard to general considerations and to the classification of testing machines, 
the present report of the work of the Committee is restricted since it refers to a paper 
by Harper}, 

MATERIALS 
On the basis of experience of organic flooring materials, seven different types of 
material were chosen to represent a’ wide range of resistance to wear. Because of a 
misunderstanding, two samples of asphalt tile were obtained. The following eight 
floorings have been investigated in laboratory and practical tests. 
a and az Asphalt tile, coumarone — indene bonded tiles with asbestos and limestone 
filler (of different make and colour) 
(v Cork, cork tiles without addition of resin 
l Linoleum, plain hessian-backed sheet linoleum 
p Polyvinylchloride, homogeneous plasticized calendered polyvinylchloride 
sheet of low filler content 


if Rubber, vulcanized natural rubber sheet 
v Vinyl asbestos, highly filled vinylchloride-acetate copolymer rigid tiles 
w Wood, selected kiln-dried beech strip. 
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All materials were supplied by manufacturers for the purpose of the tests. So far 
as can be decided, each is typical of its type* but, since the experiments are aimed 
at the machines, it is only of minor importance that they should be. However, for 
the sake of completeness, some properties of the materials are given in APPENDIX I. 

Samples of each material were distributed to the laboratories, to be tested on the 
abrasion machines or to be laid in the practical trials. 


PRACTICAL SERVICE TRIALS 


It is an essential of an assessment of the performance of machines that a yardstick 
of performance in use should be available. This has been provided by two large 
practical service trials and by two partial trials. 

Such practical trials not only give a basis for comparison for the machines but also 
give a better idea of the wear of the materials in day-to-day use because they accele- 
rate and simplify practical circumstances to a much smaller degree than abrasion 
machines do. 

It may be argued that nearly all the machines measure abrasion resistance, whereas 
a practical service trial introduces other factors of wear. It is essential therefore to 
chose areas for service trials that involve abrasion as the principal factor in the wear 
process. This is true, for instance, in paternoster lifts; therefore, in the present in- 
vestigation, such lifts were used. : 


H 
} 


Paternoster lifts consist essentially of belts carrying continuously a succession of cabs past open- 
ings on the landings of a high building. Each cab can carry two occupants, who step into the cab 
as it passes the floor and who turn round ready to step out at their destination. The floor in each 
cab, therefore, receives concentrated turning wear. If different samples are laid in different cabs 
each sample should receive the same amount of wear because the traffic uses the cabs in a random 
fashion. It is not easy to count the traffic, however, and the traffic causing the abrasion can be 
only an estimate. 


In Stuttgart the Committee's materials except a1 were laid by the FMPA in 7 cabs 
of a paternoster lift of the Town Hall. A complete series of the Committee’s materials 
was laid by the BAM — at the instigation of the IFB — in 8 cabs of a paternoster 
lift of the Landesarbeitsamt in Berlin. 7 

The estimated traffic was 250 people daily per cab for 5 days per week in Stuttgart 
and 500 people daily per cab for 4 days per week in Berlin. 

In Stuttgart the specimens were stuck to removable 4 mm thick aluminium plates 
which were fixed by screws to the floor of the cab. The same technique was followed 
in Berlin. In Stuttgart the floors were swept daily and washed with warm water 
each week; no wax was used. 

Besides these practical trials with turning traffic others with rectilinear traffic and 
a series with a combination of both were undertaken. 

Three of the Committee’s materials (/, 7 and v) were included with many other 
materials from different sources in a “straight walking test” in a corridor of the Paris 
Métro station—Gare St. Lazare by the CSTB?. 

In Zurich the EMPA arranged that the materials a,c, 1, p and v were laidin tramway 
cars and therefore submitted to partly straight and partly turning traffic. However, 
the specimens are subjected in this case to a wide range of humidity and other con- 
ditions and the results may differ from those of the métro and the paternoster trials. 


* Except cork, which is a high quality type. 
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ABRASION-TESTING MACHINES 


The abrasion-testing machines of the present investigation are often used to evaluate 
all seven types of organic flooring materials mentioned under MATERIALS. 

Other laboratories normally use their machines for a more restricted range of 
materials, e.g. for soft ones. 


TABLE I 
Group : Machines Ref. Group Machines Ref. 
D 
Béhme 3 Olsen 5,0 
1a \ 1b 
Schildknecht 4 S Amsler 7 
pe eS er 
Ww Ww 
Schief 8 
1d SIs a ta :) :) Taber LTSES 
Ie 
W EMPA 14 
2a Armstrong 13 2b SPA 15,16 
TS | 
ete AAS Martindale 17 
ary 
W a’Court 18 “ie Gp 
. | SN 
2c BS Lausanne 19 3c Carter 21 
bes, 2 Usubel 20 
Ww 
Stuttgart 22 
A 
4a Ay Mod. Casper 23,24 4d Stockholm 25 
(no rotation 
of specimen) 
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Indeed, some of the machines were not originally meant to be used for all the mate- 
rials of the present investigation. Sometimes they were intended for a special material 
inside the scope of the present investigation, such as rubber (Schildtknecht) and 
sometimes for quite different ones, such as textiles (Schiefer), coated textiles (Martin- 
dale) or harder ones such as concrete (Amsler, a’Court) or natural stone (Bohme), 
Nevertheless, they are often used for the present organic materials or for some of 
them, though occasionally with milder test conditions, e.g. Bohme 34 rev./min instead 
of 30. 

Since the Committee started its investigation, a few machines have been abandoned 
or modified by the laboratories. 

In Table I the abrasion testing machines used in the present investigation are 
grouped according to a classification used by HARPERI, viz. according to their prin- 
ciple of design, especially with respect to the relative motion between specimen and 
abrader, e.g. rotating (group 1) and rectilinear motion (group 2). The principles of 
design of the different subgroups are indicated in Table I by schematic sketches. 

APPENDIX II gives details of abrasive, pressure and speed as used in the abrasion 
machine tests. 

The specimens for these tests were conditioned at 20°C + 2° and 65% + Bos RE: 

The Amsler and the Armstrong machine were used in two laboratories and the 
Taber in three. Therefore 21 tests were performed with the above 17 machines by 
different laboratories. 


TEST RESULTS OF PRACTICAL SERVICE TRIALS AND DISCUSSION 


In the paternoster lifts the loss of thickness was measured with a dial gauge at inter- 
vals at about 100 points of the floor and more especially on the most worn front part, 
so that for each material lines of equal wear (‘‘iso-wears’’) could be developed (see 
Fig. 1). 


Fig. 1. Isowears for vinylasbestos in Stuttgart paternoster practical trialS I. .. . Measuring points. 
Loss of thickness in 0,001 cm. 
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In Stuttgart the loss of thickness of the paternoster specimens was measured after 
20 months ($ I, June 1959) and after 3 years (S II, October 1960). 
Before $ II the (w) specimen had curled and had to be removed (endurance is influenced not only 
by wear!). 
In Berlin the measurements of the loss of thickness (B I, B I and B III) were carried 
out after 1, 1} and 3 years (July 1958, February 1959 and May 1960). ; 

In Stuttgart foreach material the average of the loss of thickness values was esti- 
mated for the area A in Fig. 1 at the right hand side of the cab, which normally is the 
entrance area. In the example of Fig. 1 the average of the loss of thickness values in 
the area A of the (v) specimen of the Stuttgart paternoster after 20 months (S I) 
was 25:10-% cm. 

In Berlin the average of the loss of thickness values was estimated for both an area 
like A of Fig. 1 and a similar area on the left hand side of the cab. 


TABLE II 


TEST RESULTS OF PRACTICAL TRIALS 


: Loss of thickness in 0.001 cm 
Practical 


Fig. aya Lab. Passages : = ; ‘ x c re ‘ 
2a Berlin I BAM 100,000 6 13 18 30 28 32 38 59 
Berlin II 150,000 8 21 2 43 47 48 55 85 
Berlin III 300,000 17 2 40 66 73 a7 87 142 
2b Stuttgart 1 FMPA 100,000 II 12 26 25 31 30 = 43 
Stuttgart IT 160,000 2 2 45 38 — 53 _ 66 
2c Paris Métro CSTB 3,700,000 17 os 23 47 


These averages of the loss of thickness values are given in Table II and have been 
plotted in diagrams (Fig. 2) in which the “ordinate” gives the loss of thickness 
expressed in 0.001 cm, while the materials are placed next to each other in an ascend- 
ing order of wear according to the Berlin test results (Fig. 2a), which have been ~ 
chosen since they comprise the complete series of the Committee’s materials. 

The loss of thickness values of the various materials are connected by lines, which 
might be called “curves” although they are not real ones since the “material axis’’ 
is not a real one. 

The mutual proportion for the loss of thickness values in the 3 Berlin measurements — 
does not change appreciably and the proportion az :7 remains about Io. 

The sequence of the materials, namely rubber (7), polyvinylchloride (), linoleum 
(l), vinylasbestos (v), wood (w), cork (c) and asphalt tile (a1 and az), was confirmed by 
the measurements in the Stuttgart paternoster lift (see Fig. 2b), except for (/); this 
exception could not be explained from the test conditions. The proportion ag :7 is 3}. 

The sequence was also confirmed for the Committee’s materials (7), (/) and (v) by 
the measurements in the Métro, see Fig. 2c; however, this rectilinear traffic had to 
be at least 20 times as large to produce the same wear as the turning traffic in the 
paternoster lifts. 

The tramway car tests in Zurich are still proceeding and insufficient data are 
available for a firm conclusion, but a subjective evaluation after a total traffic of 


Wear, 4 (1961) 479-494 


ABRASION MACHINES FOR FLOORING MATERIALS 485 


[ x0: 
100}- 
roy 40:1 
to} 
2 => 
E | | eal 
B S | | = 
2 S | sm 
3507 850; oo 
Ss 2 - et paral 
3 3 a 
5 £ 
‘ 
B 
Ss 
r P l v w c a; a2 r p L Vv w c ay ay 
: (a) in Berlin (b) in Stuttgart 
Fig. 2(a) and (b). Measurements in paternoster lifts (turning traffic). 
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BI after1 year 100,000 S I after 20 months 100,000 
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Fig. 2(c). Measurements in corridor of Paris Fig. 2(d). Average curve of practical trials in 
Métro (straight traffic). Total traffic, 3,700,000. paternoster lifts. Reference line P for Fig. 3. 


about 800,000 people seems to confirm the sequence: the lowest wear was assessed 
for (p) and (2), medium for (v) and (c) and the highest wear for (az). 

In order to derive some kind of yardstick for the evaluation of the abrasion-testing 
machines from the above results of the 4 practical service trials, the most complete 
quantitative series of practical trials were chosen, namely those in the paternoster 
lifts. 

Although the results of the two trials differ in detail, an average of the available 
loss of thickness values of the Berlin and Stuttgart paternoster measurements was 
estimated. They are represented in Fig. 2d and connected by the “‘average curve of 
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practical trials’. In the present investigation the sequence 7~ az and the curve of 
the practical trials were regarded as criteria for the evaluation of the abrasion-testing 


machines. 
In using this yardstick it should be realized that its beginning and end are clear — the values 
for (vy) should be lowest, followed by (p) and the values for (a2) highest, higher than for (a1) — but 


that its middle part is less significant owing to the divergency for (/) between the Berlin and Stutt- 
gart results and the small differences of the other medium values (v, w and ye 


TEST RESULTS OF ABRASION-TESTING MACHINES AND DISCUSSION 


The results of the 21 abrasion tests with the 17 machines listed in Table I are 
given in Table III and have been plotted in the diagrams of Fig. 3 in which, for easy 
comparison, the materials are plotted in the same sequence (7, p, l, v, W, C, aL and az) 
as that of the average curve of practical trials of Fig. 2d. This curve is inserted as 
a reference line P (with a “grid” of reference lines 4P, 2P, 4P, tP, 4P). 


TABLES TY 


TEST RESULTS OF ABRASION MACHINES 


Loss of thickness in 0.001 cm 


Group = Fig. Machines Lab. Duration 

r Pp l v w c a a2 
ta 3a Bohme FMPA 440 rev. 16% 50. 8115 213) 0) 103 me eer e 
1a 3b. ~—s Schildknecht DA 10 min 230 110 420 200 190 380 230 330 
1b 3d~—s Olsen KI-TNO 350 rev. I 2 6° f5 2) 15 52a 
1b 3c Amsler LN 1200 m 205. T5740 95 180m 955) Ma UseeizS 
1b 3e Amsler CEDOC t1000m TGje. TS. bets e300 | Ad. 9 7 iLO 
1d 3f Schiefer NBS 1000 rev. = .86 T45 124 26452590 Rs tatoe 
1e 3g Taber BRS 15000 rev. 32-34 46 76 88 84 SS ¥rie 
re 3h = Taber KI-TNO 12000 rev. 128 68 82 240 108 108 92 175 
1e 3i Taber EMPA 2000 rev. = 2:0 9.3.08 2:0 03.05 2.6 3.3 
2a 3] Armstrong NBS 65 rev. == Jr9 8 18 520 — 20 Pree 
2a 3k Armstrong AC 32cycls — 74 148 92 — 207 93 148 
2b 3m _ =©Martindale MN 5000 rev. i 6» 12.2.17.4 = 2/2), 4,6..420 
2b an) = SRA SPA 1000 d.s.* 45. .19 $17) 1277) 20y) 35 eelOees 
2b 30 EMPA EMPA 200 m O42. 4d BO) 270 Sem See Az 
2c 3p = a’ Court BRS 8 hours 3 OM T4257 2D ade 5S aera 
2c 3q Lausanne LEML 34. 10) §22.592016.37 2°37" 953-57425 
2c 3r Usubel CEDOC — 4800 pass. 965) 22.4 26) B27 7 AST Py Le So 
3c 31 Carter JW 40 min Oye Al8ie) 38) oe BB 150i aL 7o 
4a 38 Stuttgart FMPA 22 cycles. 23 » 24.6425 ..77 »84: AQuiett=) fhe 
4a 3t Mod. Casper CSTB 300 rev. 60 716 40 “40 10" 310le 
4d 3u Stockholm SNB 5000 strokes 4.5) 20557 3-5 TAS. 5 LS. est 


* double strokes 


The abrasion is expressed again as loss of thickness in 0.001 cm, either measured 
directly or calculated, in some cases by extrapolation, from the loss of weight and 
represented in the diagrams (a)-(u) of Fig. 3 on a 40 : I or 20 : 1 scale, (in one case 10 : 1). 

The groups of the classification of Table I to which the different abrasion machines 
belong are given next to the names of the machines as well as the laboratories in 
which the tests were performed. The duration of the tests, expressed in time, length 
or number of revolutions or strokes is given in Table III. 
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P = Average practical trials (Fig. 2d). 
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ERRATUM 


We regret that in Figs. 3g and 3q on pp. 488 and 489 of Wear, Vol. 4 No. 6, the 
diagrams were interchanged. The legends, however, are correct as printed. 
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Some times more readings were taken than those given in Table III and losses of 
thickness were recorded after different duration of abrasion. On the whole, the 
sequence after different duration did not alter. For the Olsen, however, the value 
for (c) became comparatively lower when the test was continued after 350 rev. 

There is a wide range in the loss of thickness of the different machines. Some 
abraded only the surface, whereas others abraded most of the thickness of the ma- 
terial. Generally, however, the absolute values for the loss of thickness in the abrasion 
machines tests were of the same order as those obtained by turning traffic of 200,000 
people or by straight traffic of 4,000,000 people. 

If the values of the machine tests are of the same order as that of reference line P, 
their “curve” can be compared directly with this central line of the reference grid. 
But if those values are about 4 or 2 times larger or smaller than those of line P, 
the slope of their curves can better be compared with the reference lines 4P, 2P, $P, 


or ¢P respectively. Also they might be compared with other lines — not drawn — 
of the “P grid”. 


Ideally, the curves of the machine tests should show the same slope as (be identical with) some 
reference line of the P grid. None of the machines fulfils this ideal; their curves show general or 
incidental divergencies from the reference lines of the P grid. The following general divergencies 
may occur. 


(1) The curve might be steeper, in which case the machine gives more marked differences than 
the practical trials. 

(2) The curve might (2a) be flatter (but still give the practical sequence), in which case the 
machine does not differentiate as sharply as the practical trials, or (2b) become quite horizontal, in 
which case the machine does not differentiate at all. 


(3) The curve might fall instead of rise (giving the opposite sequence). 


(4) a curve might be concave (hollow) in which case the machine is too mild for the medium 
materials. 


(5) The curve might be convex, in which case the machine is too severe for medium materials. 
From these general divergencies 2b and 3 are the most undesirable. 
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Much worse are incidental divergencies, the irregularities in the curves which, sometimes, from 
one material to the next jump up or fall to the next, second or even third line of the P grid, the 
value of the following material being therefore 2, 4 or even 8 times higher or lower respectively 
than would be expected. 


Such a jump may occur one or more times in a curve and in some cases give exceptionally 
low or high (peak) values. 


It is obvious that no quantitative value can be derived for the general or incidental 
_divergencies of the curves from the P grid that can be considered tolerable. 

Since, moreover, these divergencies occur simultaneously an exact quantitative eva- 
luation of the machines is not feasible. 

The general picture obtained by a visual examination of the diagrams of Fig. 3 
clearly shows that many divergencies occur which spoil the correlation of the machine 
curves with the P grid. 


Establishing more exactly this correlation by a more detailed visual examination of the diagrams 
presents special difficulties. 

The curves which approximate best the P grid nevertheless do not give the entire practical 
trials sequence: the Taber BRS curve (Fig. 3g) has a peak for (7), the Armstrong NBS (3]) some- 
what lower values for a; and a2 and the Stuttgart (3s) for (c) and (az). Alternatively, one might 
consider the (c) and (a2) of the Stuttgart curve to be correct—near 2P of the P grid just as (7), 
(p) and (/)—but the (v) and (w) too high (near 4P). 

The curves for the Carter (31), the Olsen (3d) and the a’Court (3p) are steeper than the P grid 
but on the whole they give the practical trials sequence, except (c) for the Carter. Although the 
a’Court and Olsen machines belong to quite different groups of the classification, their curves 
show close resemblance. 

The Amsler (3c) and Béhme (3a) curves are steep at the beginning but fall down in the second 
part. However, if (v) had not been tested by the Béhme and (w) by the Amsler, the curves would 
—in the absence of the peaks—show a quite reasonable correlation with the P grid (and a gap 
in the curve for those materials, just as occurs in some other curves when, through a misunder- 
standing, a material has not been tested). 


It is thought superfluous to continue the more detailed discussion of the curves but 
a few general remarks might be made. 

With regard to the machines used in more than one laboratory: the curves of 
the Armstrong of NBS and that of AC (3j-k) correlate rather well mutually. However, 
this ‘reproducibility’ was not found between the two Amslers or the three Tabers. 
The difference between the Tabers (3g-i) can perhaps be accounted for by the different 
grinding wheels that were used. EMPA and KI-TNO used the original “Galibrases” 
CS 17 and H 18 respectively but the BRS used specially made wheels (giving better 
correlation with the practical trials). 

It is remarkable that machines (originally) intended for quite different and hard 
materials (Amsler, a’Court, Bohme) give no worse correlation with the practical trials 
than machines specially designed for organic flooring materials. 

The machines with a more satisfactory as well as those with an unsatisfactory 
correlation with the practical trials sequence and the P grid belong to all groups of 
the classification according to the relative motion between specimen and abrader 
(Table I). Apparently, this classification is not related to the evaluation of the ma- 
chines for different materials. ; 

One might, for instance, suppose that machines with rotating specimens such as 
group 1b and group Id give results which come closer to the results of the practical 
trials than machines with rectilinear motion. Group rb gives rather good results 
indeed, but not better than some machines with rectilinear motion (2c) or practically 
rectilinear motion (Ia). 
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In machines giving more satisfactory correlation with the practical trials loose abra- 
sive often is used. Correlations with other factors such as hardness of abrasive, pressure, 
etc. were not apparent, as might be expected with such a complex of overlapping 
influences. 

And when focussing attention more especially upon the materials it was equally im- 
possible to find any correlations, e.g. between the peaks for (w) of 3 machines and their 
mechanical characteristics, or to explain the peaks of 3 other machines for (v) or the 
3 high and 5 low values for (c) or the 4 peaks for (7). 


Conclusion 


The large majority of the 17 abrasion testing machines is unsatisfactory when 
used to compare the wear of a wide range of different flooring materials, such as 
that of the present investigation and—a fortiori—to judge new materials. 


ABRASION TESTS ON A RESTRICTED RANGE OF MATERIALS 


Although most of the abrasion machines of the present investigation were found to 
be unsuitable for comparing wear of a wide range of different materials, many of them 
may be suitable for comparing a more restricted range of materials, e.g. of one 
material in different qualities. 

This already appears when comparing the abrasion values of the two types of 
asphalt tile a; and az for which all machines (except one) gave the same sequence as 
found in the practical trials: az higher than ai. 

But in order to investigate this more systematically a special series of abrasion 
tests was performed with g machines on different qualities of PVC, namely with 
different filler contents (0, 15, 30 and 45%), which had been specially made by the 
KI-TNO. All machines gave the same sequence (including 5 machines which had given 
unsatisfactory results when comparing different materials) : 


TABLE IV 
ABRASION OF PLASTICIZED PVC WITH DIFFERENT FILLER CONTENT 
(Loss of thickness in 0.001 cm) 


Filler 0° r5° 0% <0/ 
seat? : 6% 13:04 300 45% 


Schildknecht (DA) 3.6 8.5 iy 30.2 
Olsen (KI-TNO) 0.8 1.6 5 Wy 

Taber (BRS) wi, 2.7 4.2 7.0 
Taber (KI-TNO) 2.8 7.5 11.0 16.9 
Martindale (MN) Lal 0.7 17.3. 33-7 
SPA (SPA) re B77 63.2 107.4 
Carter (JW) 12.5 20 45 115 

Mod. Casper (CSTB) 0.17 0,30 0.46 0.7 
Stockholm (SNB) 0.05 0.05 0.3 2.4 


N.B. Duration of tests is not always the same as given in Table III. 


Conclusion 


An abrasion machine can give valuable results for one type of flooring material or 


one material in different qualities without being suitable for comparative testing of 
the wear of different materials. 
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APPENDIX I 


SOME PROPERTIES OF MATERIALS TESTED 


Materials Y p 1 v w c a a2 
Thickness (mm) BOO 2:02) 63.040 2.54) S.O7m NE 3etO 3.00 
Specific gravity TD OO wl300 1.92 10,07, 0.61 Tic fshyz °° Basti 
Colour green light brownmarble natural natural fawn dark 
grey grey brown 
Rockwell hardness* 
Total indentation 0.413 0.53 0.384 0.253 0.387 0.407 0.241 0.230 
Remaining indentation 0.250 90.405 O.214 0.152 “0.214 0.215 0.137 0.127 
Remaining % of totalindentation, 62 76 56 60 55 53 57 53 
Remaining cylinder indentation % 14 35 36 24 100 21 94 73 


* Method modified by KI-TNO. 


Hardness. Since the conventional determination of the hardness according to the Rockwell 
method could not embrace each material because their properties varied too much, the method 
has been modified slightly. The cycle has been shortened and the results are reported in total 
indentation and remaining indentation, both expressed in millimeters. The reported results are 
the mean value of 5 observations. 

_ The tests have been carried out on samples of a total thickness of at least 6 mm. 

Cylinder indentation. The cylinder indentation test is a practical test which is carried out on 
the material in its original thickness. A cylinder with diameter 11.2 mm is loaded with 30 kg (own 
weight included). The indentation is measured after 30 min and the recovery again 30 min after 
removing the load. The average value of two observations is reported. 
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Abstracts on Abrasion and Wear Testing 


TLL 


The Forces Applied to the Floor by the Foot in Walking* 


F. C. Harper, W. J. WARLow AND B. L. CLarkeE, National Building Studies Research 
Paper 32, H.M. Stationery Office, London, 1961, 3s.6d. 

General purpose machines for the measurement of abrasion resistance have proved 
unsuitable for assessing the resistance of flooring materials to wear by foot traffic. 
This is so because they have been designed on an arbitrary basis without sufficient 
regard to the conditions of abrasion to which flooring materials are subjected in use. 
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TIME ( 40 sec) 


Fig. 1. Typical series of force records — straight walking right foot. The arrows in (b) indicate 
the direction of the applied force. 


Measurements have now been made of the forces applied by the foot to the floor 
in walking to provide a factual basis for the design of a machine that will simulate 
service conditions and so may be expected to provide a realistic measure of the relative 


* Crown Copyright Reserved. 
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wearing qualities of flooring materials. From a knowledge of these forces a limit of 
safety of a floor finish from slipperiness can also be defined. 

The forces of walking have been measured by a force plate which consists essentially 
of asteel plate supported on four hollow aluminium alloy columns that are compressed 
and bent when someone treads on the plate. The strains in the columns are detected 
by resistance strain gauges and recorded by high speed recorders. 
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Fig. 2. Typical series of force records — left turn on right foot. The arrows in (b) indicate the 
direction of the applied force. : 


The instantaneous area of contact of the foot, which changes in the course of the 
step, is measured from cinematograph records taken through a glass plate on which ~ 
the person walks. 

The forces applied by many people walking on the level, both in a straight line and 
round corners has been analysed. To simplify the analysis everyone walked at 100 
steps per minute giving contact times of about ? sec. 

Broadly similar patterns of changing force with time were given by all the subjects 
(Figs. r and 2). The vertical component of the force shows two peaks one in the early 
part of the step and one at a late stage. These peaks may be greater or less than the 
body weight depending on whether the trunk is accelerating or decelerating upwards 
at that stage. 

For the greater part of the step the horizontal component is a small fraction of the 
body weight. In straight walking it rises first to a maximum in the direction of walking 
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then falls and rises again to another maximum in the opposite direction. In turning 
a corner the component is always directed outwards from the corner. 

The amount of torque produced in straight walking is small and very variable from 
person to person both in amount and in pattern with time. The torque produced in 
turning is much greater and depends on the friction between the shoe and the plate. 

The pressures produced on the floor can be as high as 850 lb./sq.in. when the heel 
makes first contact but for most of the step is of the order of 20 Ib./sq.in. 

The complex force-time patterns are not easily reproducible in an abrasion ma- 
chine so the salient features have been abstracted from the records. These are the 
maxima of the forces, the pressure and the torque, and the amount and speed of 
rotation of the foot about a vertical axis. 

Statistical analysis of the many steps indicates that an abrasion machine should 
exert on a sample a vertical load of the order of 250 Ib. acting on a shoe to provide 
a pressure of 20-25 lb./sq.in. At the same time it should apply a horizontal force to 
the shoe of 50 lb.: the abrasive action should be provided by a rotation of the shoe 
through an angle not greater than 65° at a rate not greater than 7 rev./min. The 
torsional couple provided cannot be accurately defined but should slightly exceed 
130 in.lb. The machine must operate with a limitation on the torque that can be 
applied so that rotation of the shoe will occur only if the friction is low enough. The 
machine may also incorporate a heel to apply loads of 400 Ib./sq.in. on an area of 
3 sq.in. or less*. 

A floor finish is slippery if the limiting friction between it and the shoe is less than 
the maximum ratio of horizontal to vertical component of the force applied by the 
foot. Analysis of the records show that, for safety, the coefficient of friction between 
shoe and floor finish should not be less than 0.4. 


* Such a machine has been constructed and i. described in British Patent Appl. 8607/61. 
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The Correlation Between Wear Trials and Abrasion Tests on Sole Leather 

A report on co-operative experiments organised by the Physical Testing Commission 

of the International Union of Leather Chemists’ Societies 
R. G. Mitton, J. Soc. Leather Trades’ Chemists, 45 (4) (1961) 130-166; 4 figs., 19 tables, 
6 refs. 
The paper describes experiments made in various countries to compare various types 
of abrasion machines as guides to the durability of sole leather. Seven leathers were 
included in wear trials and abrasion tests, and the following conclusions are drawn 
from the results. 

t. Abrasion tests can be misleading if the possibility of clogging of the abrasive 
is overlooked, but many machine tests give good correlation with actual wear, and 
some machines can even abrade impregnated leathers satisfactorily. 

2. Machines may use as abrasive an abrasive paper, an abrasive wheel, or loose 
sand. The machines that use paper or a wheel are generally simpler than sand ma- 
chines, and are compact, less noisy, faster in action, and readily adaptable for wet tests. 
The abrasive of wheel and paper machines tends to clog when they are used with 
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impregnated leathers, but the clogging can be greatly reduced (and possibly avoided 
altogether) if fresh abrasive is fed continuously to the paper type machines. The 
sand-using machines are less liable to clogging of abrasive. One machine uses a sand 
jet to abrade the specimens, but gives a negative correlation with actual wear, and 
so is worthless. 

3. Independent wear trials made on the same leathers in different countries show 
moderate correlation with one another, but the closeness of the correlation depends 
upon the method of measuring the worn soles. The correlation between abrasion and 
wear cannot be expected to be appreciably better than that between independent 
wear trials, and, judged by this criterion, several machines seem extremely good 
(apart from difficulties with impregnated leathers). There is a need, however, for 
further tests of this point, using a few selected abrasion machines and many more 
leathers. 

4. The type of motion of the specimen relative to the abrasive (e.g. reciprocating, 
planetary, etc.) seems to be of no importance in an abrasion machine, and any 
movement that is simple to control is probably as good as any other. The speed of 
motion and size of abrasive particle are not critical, but there is evidence that the 
pressure between specimen and abrasive may be important for some machines at 
least. However, machines whose rates of abrasion differed by a factor of 100 or more 
gave equally good correlation with wear. 

5. Because of irregular variations from place to place in bend leather, it is necessary 
to make measurements on several specimens to obtain a satisfactory assessment of 
abrasion resistance. A single large specimen seems less satisfactory than several small 
ones. Tests made on a constant fraction of the total thickness of the leather, however, 
give a fairly satisfactory guide as to the abrasive resistance of the whole thickness, 
despite the fact that abrasion resistance varies considerably with distance from the 
grain surface. 

6. Measurements of the energy required to abrade leathers give poorer correlation 
with durability in wear than do measurements of abrasion resistance, and are not to 
be recommended. 
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An Experimental Study of Friction and Wear during Abrasion of Metals 


B. W. E. Avient, J. GODDARD AND H. WitmaN, Proc. Roy. Soc. (London) A., 258 
(1960) 159-180; 12 figs., 3 tables, 28 refs. 
The friction coefficient 4 and the mass loss M’ per centimetre, of Al, Ag, Cu, Pt, Fe, 
Mo, U and W specimens ~r1 to 2.5 cm long are investigated as a function of the mean 
particle diameter D of abrading emery-paper surfaces (dry) on which they slide at 
a few cm/sec and ~1 kg load. On any grade of abrasive, w and M’ vary with distance 
of sliding, M’ decreasing and y increasing for initially wet-abraded metals, owing to 
progressive pick-up of emery by the metal surface. After 200-500 cm, depending on 
the metal and the grade of abrasive, they become constant (M’ then is wear of metal 
only, M) and independent of the initial surface preparation. 

4 does not increase linearly with D as suggested by previous authors (who used 
small specimens, smaller range of D, and neglected the effect of pick-up of abrasive) 
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For any given metal, y (initially and at equilibrium) is practically constant, pmax, at 
D from 70 to >150 microns, and decreases with increasing hardness of the metal, at 
equilibrium being 0.88 for Al, to 0.53 for W. At D < 70, w decreases—in general 
to ~0.3-0.4 for specimens I—2.5 cm diam.—owing to partial clogging of the abrasive 
by worn-off metal. The high and constant wmax on emery and glasspapers is due to 
the angular shape of the abrasive particles, since yw is only 0.15 for Ag and Cu on an 
array of glass spheres of D ~125 microns. For the metals initially abraded on wet 
emery, then slid on dry emery-papers, M at equilibrium also increases with D and 
is practically constant at D > 70 microns; and M = kW(u—wo), where W is the 
load, and yo is a constant, in general > fmo.mo. of metal-oxide on metal-oxide because 
of pick-up of abrasive particles by the metal. 1/(M/p), the reciprocal of the volume wear 
per cm, is approximately proportional to the Vickers hardness Hn of the abraded 
metal surface. Most of the indenting particles cause wear in the form of strips of metal 
analogous to those caused by machine tools, but there is also much plastic flow 
(and lateral pile-up) as electron diffraction also indicates. 

A theory defining friction and wear of metals in abrasion in terms of the shape and 
orientation of the abrasive particles, is given elsewhere, together with quantitative 
analysis of the present data. 

For emery papers, only about 10% of the groove volume (on the average) appears 
to be removed as wear. 
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Abrasion Resistance of Vitreous Enamels 

Report of the Institute of Vitreous Enamellers of Great Britain 
Foundry Trade Journal, 110 (1961) 269-273; 3 figs., 4 tables. 

An abrasion testing machine has been designed by the Institution of Vitreous ‘Ena- 
mellers with the object of developing a technique which would give reproducible 
results with sufficient sensitivity to differentiate between different enamels. 

Sample enamelled plates are subject to abrasion by a charge of steel balls, sand 
and water, and abrasion is determined in terms of the loss of weight after a specified 
period. 

Sand from different sources was found to differ considerably in abrasive power, 
and a Redhill sand has been specified as standard. Preparation of the test pieces was 
also found to be critical, but with suitable standardization consistent results were 
obtained. 

The test is an adaptation of the method used by the Porcelain Enamel Institute 
of America. 

In the discussion, reactions of potential users of the testing method and proposals 
_ for alternative possibilities are given. 
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Forthcoming Events 
LL 


FIRST EUROPEAN SYMPOSIUM ON “‘SIZE REDUCTION” 


Frankfurt am Main, Germany 
April 10-13, 1962 


(36th Event of the European Federation of Chemical Engineering) 


prepared and organized by the Verfahrenstechnische Gesellschaft (VTG) im Verein Deutscher 
Ingenieure and the DECHEMA Deutsche Gesellschaft fiir chemisches Apparatewesen, Frankfurt 
am Main. 

Three topics will be dealt with, namely: 

Group A: Physical and theoretical principles of size reduction _ 

Group B: Principles and recent developments in machines for size reduction 

Group C: Application techniques; size reduction of certain substances. 


Secretariat: 
Verfahrenstechnische Gesellschaft 
Frankfurt am Main, 7, Rheingau-Allee 25 
Deutschland 
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Notes on Contributors 


Howarp S. Avery: born in Canon City, Colorado; attended Virginia Polytechnic Institute, from 
which he received a B. S. degree in 1927 and an Engineer of Mines degree in 1928, with honors. 
Following several years of mining engineering and geology in Mexico, steel mill experience, and 
teaching, joined the newly organized Metallurgical Department of the American Brake Shoe 
Company in 1934. Since then has been identified with this company’s research in various aspects 
of industrial wear. Heat and wear resistant alloys have engaged a large share of his attention, and 
his efforts to define the engineering properties of the most important industrial cast heat resistant 
alloys are reflected in a series of technical publications. 


[See p. 427] 


M. CLEMENT: (for biographical note see Wear, I (1957/58) 75). [See p. 450] 


F. C. HARPER: born in Dundee, Scotland; graduated B.Sc. and Ph.D. in chemistry at St. Andrew’s 
University ; since 1938 has worked on physico-chemical problems of building materials at Building 


Research Station, Dept. of Scientific and Industrial Research; is now leader of section concerned 
with flooring materials. 


[See p. 461] 
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extreme-pressure, effect on rubbing metal 
surfaces, 329 
for greases, 324 
lubricant, 86 
in lubricating oils, radiochemical study of 
stability of, 172 
lubricity, 324 
Adhesion, elastomeric, 414 
of surfaces, 221, 258 
Adhesive bonding, mechanics of, 414 
Alloy sheets, crack initiation and propagation 
in, 414 
Alloys, high temperature resistant, 170 
Aluminium, lubrication in cold rolling of, 249 
oxide grits, 372 
Anti-fretting compounds for corrosion pro- 
tection, 328 
Anti-friction action of hydrocarbons, 274 
Anti-wear additives, 324 


Ball and ring machine, 300 
Bearing acceleration, tangential, effect on 
lubrication of a finite-width slider, 41 


Bearing materials, evaluation of, 168 


surface, influence on load capacity of lubri- 
cating film, 417 
technology, 332 
temperatures, effect of shaft rotation on, 88 
tester, 179 
wear, effect of lubricant composition on, 
16 
effect of lubricant viscosity on, 250, 416 


Bearings, anti-friction airframe, 418 


ball, influence of additives on water-in- 
duced pitting of, 171 
motion of a ball in, 177 
in nitrogen and carbon dioxide at ele- 
vated temperatures, 417 
separator materials operating in liquid 
nitrogen, 417 
sliding friction in, influence of elastic 
compliance on, 321 
bibliography on, 421 
externally pressurized, performance of, 417 
high-temperature properties of, 252 
hydrostatic thrust, analysis of, 170 
journal, finite fitted, 88 
gas-lubricated externally pressurized, 417 
magnetic, 418 
new concepts for design of, 88 
performance of polymer-thickened lubri- 
cants in, 323 
steady motion of lubricant between, 415 
lubrication of, at high temperatures, 251 
model hydro-turbine, elimination of me- 
chanical losses in, 418 
orthogonally displaced, 417 
oscillating, wear characteristics of, 333 
pivoted pad, influence of profile on load 
capacity of, 325 
refractory materials for, 252 
roller, performance of heavily loaded oscil- 
lating — —, 326 
rolling contact, endurance tests of, 89 
rolling element, materials in, 168 
plastic yielding and vibrations of, 325 
rubber—metal, in turbo drills, 775 
slider, two-dimensional, 249 


* Abstracts which appear in this volume are thought to be representative of progress reported 

in recent years. Since lack of space makes it impossible to include references to all published 

work, the reader is referred to the abstract sections of the following for additional information: 
(i) Applied Mechanics Reviews (engineering science) 

(ii) Lubrication Engineering (lubrication, including patents) 

(iii) Scientific Lubrication (practical lubrication problems) 

(iv) Friction and Wear in Machines (Moscow, Vols. 13 and 14 (extensive lists of literature 

1955-1957)); for translations see p. 421. 
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Bearings, sliding, theory of, 420 
spherical, gas-lubricated externally pres- 
surized, 417 
thrust, gas-lubricated self-acting, 417 
hydrostatic, cavitation in, 228 
Brakes, shoe, internal expanding, graphic 
method for designing, 418 


Cams, lubrication of, 86 
wear of, 327 
Carbon for seals and bearings, 329 
Cavitation inception data, 328 
inertia-induced, in hydrostatic thrust bear- 
ings, 228 
Clearance of oscillating bearings, 341 
Clutches, internal expanding, graphic method 
for designing, 418 
Coatings, for cold extruding titanium, 325 
Cobalt alloys for high-temperature bearing 
use, 252 
Cold rolling of aluminium and its alloys, 249 
Conference on creep and fracture, 422 
on lubrication, 422 
on nature of solid friction, 161 
Contact of iron surfaces, 319 
metallic, between sliding surfaces, 415 
resistance of metals and alloys in recipro- 
cating sliding, 248 
stress, aS parameter in metallic wear, 93 
Contamination, abrasive, 171 
Copper oxide film formation, 137 
surfaces, static friction between, 216 
Crack detecting by u.v. fluorescence, 254 
initiation and propagation, 414 
Cranking speed, and lubricant viscosity, 86 
Creep, of metals, 246 
Corrosion protection by anti-fretting com- 
pounds, 328 
Corrosive wear, inhibition of, in lubrication 
with halogenated gases at 1500°F, 419 
Crossed-cylinder wear-testing assembly, 112 
Cutting fluids, measurement techniques for 
evaluating, 329 
performance, 420 
surface-active, 169 
process, at very high speeds, 255 
Cylinder wear, 254 
study of, by radioactive tracers, 172 


Damping of cantilever beams, effect of root 
lubrication on, 323 
Debris composition, relation to wear rate, 111 
Deflection of thin cantilevers, 414 
Deformation of liquid surface by jet of gas, 85 
mutual, of metals, 2 
residual under friction surface, 248 
Deposition due to gas-borne solids, 171 
Dislocation loops in zinc crystals, 247 
Drilling, rock, wear in, 234 
Dynamometer engine tests, 172 


Electrical conduction in solids, 319 
contact phenomena, physics of, 419 
contacts, symposium on, 419 


Elastic compliance, influence on sliding fric- 
tion in ball bearings, 321 
Endurance tests, of rolling contact bearings, 
89 
Engine friction, effect of lubricant viscosity 
on, 250 
testing of crankcase lubricating oils, sym- 
posium on, 420 
Engines, internal combustion, lubrication 
conditions in, 250 
two-stroke gasoline, lubrication of, 250 
Equicohesive point, 85 
Erosion due to gas-borne solids, 171 
by rain, 328 
Extreme-pressure additives, see Additives 
Extreme-pressure film, distribution on wear 
surfaces, 329 
study of, using radioactive sulphur, 86 
lubricants, see Lubricants 


Faces, forces acting on, 64 
Fatigue damage under varying stress ampli- 
tudes, 168 
influence of nitration on, 170 
rolling contact, effect of fibre orientation, 
temperature and dry powder lubri- 
cants on, 167 
evaluation of bearing materials and 
lubricants, 168 
factors affecting, 168 
strength of steel, 330 
Felts, wool, frictional properties of, 198 
Fibre orientation and fatigue, 167 
Finishing grade, effect on cylinder wear, 254 
Flooring materials, abrasion resistance of, 
461, 479 
Flow behaviour of lubricants, 249 
properties of lithium stearate—oil model 
greases, 322 
Fluid film pressure, effects on hydrodynamic 
lubrication, 322 
pressures, measurements of, between plane 
parallel thrust surfaces, 64 
Forces in walking, 495 
Four-ball machine, 278, 293 
transition temperatures, 254 
tests, 260 
Fracture, brittle, selected references on, 168 
Fractures caused by explosions and impacts, 


331 
Fretting, 272 
in dental couplings, 89 
Friction behaviour of refractory materials, 
252° 
between sliding surfaces, 415 
characteristics of automatic transmission 
fluids, 321 
coefficients, apparatus for measuring, 200 
between an aircraft tyre and wet run- 
way surfaces, 85 
gear tooth, 254 
measurement of, 167 
tractive, of spheres rolling on flat plates, 
248 
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Friction dynamometer, 172 

electron-microscopic study, 123 

at elevated temperatures, 90 

engine, effect of lubricant viscosity on, 250 
effect of lubricant viscosity and compo- 

sition on, 416 

external, of solid bodies, effect of moisture 
on, 247 

forces in wire ropes, 85 

forces in walking, 495 

gear tooth, instantaneous coefficients of, 
418 

influence on pressure loss in pneumatic 
conveyors, 321 

influence of surface activity on, 269 

in machinery, 421 

measuring apparatus, 402 

of metals, 498 

of metals, in gases up to 600°C, 419 

of metals and alloys in reciprocating sliding, 
248 

of nickel alloys, 327 

of oriented PTFE, 391 

of oscillating bearings, 337 

of plastics, effect of polarity of oil on, 300 

of refractory compounds, 326 

role in metal cutting, 330 

rolling, measurements, use in dynamic me- 
chanical spectrometry, 169 

rubber, bibliography of Russian papers on, 
174 

sliding, in ball bearings, influence of elastic 
compliance on, 321 

solid, nature of, 161 

static, between copper surfaces, 216 

studies on rubberlike materials, 415 

surface, measuring temperature on, 254 

surface, residual deformations under, 248 

testing machine, 126 

of vulcanized rubber, law of, 154 

welding, 173 
of metals, 33Z 

Frictional properties of wool felts, 198 


Galling, in dental coupling, 89 
Gases, reactive, effect on dry grinding of 
steel, 384 
Gear lubricants, see Lubricants 
Gear materials, evaluation of, 327 
oils, scuffing tests on, 420 
teeth, friction coefficients, 418 
load capacity of, 56 
lubrication of, 10 
tooth scuffing, effect of lubricants on, 89 
Gears, automotive hypoid, surface loading 
and sliding velocity, 88 
lubrication of, 322 
in inert gas atmospheres, 323 
marine, EP lubricants for, 251 
spur, Hertzian contact times, 88 
Glass, wine, ringing of, 150 
Graphite, synthetic, electron microscope 
study of, 84, 247 
Greases, antiwear and extreme pressure ad- 


ditives, 324 


Greases, infrared studies of, 253 


lithium stearate—oil, flow properties of, 322 


Grinding fluids, development ofa test for, 329 


of steel, 384 
of titanium alloys, 387 


Gyroscopic oscillations, 414 


Hardness, of copper surfaces, 225 


of metals, 246 
of oscillating bearings, 340 


Heat barrier, requirements for overcoming, 


251 
transfer, measurement of, 167 


Hydrocarbons, anti-wear and anti-friction 


properties, 274 


Impact cratering, high-velocity, 328 


high-speed, 414 
particle, on melt layer of an ablating body, 
252 


Iron, wrought, wear of, 111 


Leather, wear trials and abrasion tests on, 497 
Load, effect on critical temperature of oil, 292 


as parameter in metallic wear, 93 
statically and dynamically applied, 401 


Load capacity of gear teeth, 56 


of oscillating bearings, 338 
of pivoted pad bearings, 325 
of a slider of finite width, 41 


Losses, mechanical, elimination of in bearings 


of model hydro-turbines, 418 


Lubricant additives, 86 


colloidal molybdenum disulphide as, 416 
composition, effect on engine friction and 
bearing wear, 416 
solid film, 324 
ice as —, in stretch forming of steel, 88 
inertia, influence on cavitation, 228 
steady motion of, between bearing and 
journal, 415 
use of molybdenum sulfide for cold rolling 
of tubes, 169 
viscosity, effect on engine friction and 
bearing wear, 416 
effect on lubrication of gear teeth, 10 
and engine cranking speed, 86 


Lubricants, behaviour in concentrated con- 


tact, 249 
boundary, heat of adsorption of, 250 
for cold extruding titanium, 325 
cold-rolling, for aluminium alloys, 169 
modified ethylene polymers as, 323 
compressibility effects of, 249 
dry powder, effect on fatigue, 167 
evaluation of, 87 
effect on gear tooth scuffing, 89 
effect on grinding, 387 
evaluation of, 168 
extreme-pressure, for gears, 324 
for marine gears, 251 
gear, automotive, laboratory evaluation of, 
329 
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Lubricants, gear, scuffing tests on, 420 
halogen-containing gases, 86 
high-temperature, 87, 416 
phthalocyanines as, 416 
radiation-resistant, 323 

high-temperature evaluation procedures 
for, 90 

inorganic, for high temperatures, 416 

organo-metallic and organo-metalloidal, 87 

solid, 87, 416 

solid film, at temperatures above 1000°F, 
325 

Lubricating base oils, viscosity of, at shears, 


films, load capacity of, 417 
oils, aviation gas turbine, 86 
behaviour in inert gas atmospheres, 
416 
crankcase, engine testing of, symposium 
on, 420 
effect of load on critical temperature of, 
292 
effect of polarity of, on friction of plas- 
tics, 300 
estimation of operative properties with 
radioactive tracers, 172 
in inert gas atmospheres, 250 
in two-stroke engines, 250 
ultrasonic and visco-elastic relaxation in, 
415 
viscoelastic behaviour of, 165 
problems of internal combustion engines, 
86 
properties of bonded fluoride and oxide 
coatings, 87 
techniques, introduction to, 422 
Lubrication, of bearings, at high tempera- 
EULES, 25 F 
boundary, 269 
theory of, 85 
of cams and tappets, 86 
in cold rolling of aluminium and its alloys, 
249 
effect of gases and liquids in lubricating 
fluids, 257 
engine, contribution of polymers to oil prop- 
erties important to, 323 
extreme-pressure, 327 
of a finite-width slider, effect of tangential 
bearing acceleration on, 41 
gas, of bearings, see Bearings 
gear, 322 
in inert gas atmosphere, 323 
of gear teeth, effect of lubricant viscosity, 10 
with halogenated gases at 1500°F, 419 
hydrodynamic, effects of fluid film pressure 
on, 322 
of gear teeth, 56 
in internal combustion engines, 250 
meeting of Lubrication and Lubricants 
Section of Bond voor Materialenkennis, 
90 
of metal surfaces at 100°F to 1700°F, 87 
melt, investigation of, 171 


Lubrication of piston rings, dynamic theory 
of, 86 
requirement of nuclear-powered surface 
vessels, 416 
rolling contact, visco-elastic effects, 249 
root, effect on damping of cantilever beams, 
323 
of solids at high temperatures, 324 
space age, 416 
in space, problems of, 322 
technology, 33I 
three-dimensional, under turbulent con- 
ditions, 86 
transient, of an accelerated infinite slider, 
416 
turbulent, 415 
of two cylindrical surfaces, 416 
Lubricity additives, long-chain phosphorus 
compounds, 324 


Machining, electrospark, electrode materials 
for, 90 
Mechanical properties of materials at high 
temperature, 326 
of tantalum, 167 
Metal cutting, bibliography, 174 
role of friction in, 330 
surfaces at high temperatures, 419 
rubbing, effect of EP additives on, 329 
_working, new developments in, 330 
Metals, behaviour in reciprocating sliding, 248 
friction and wear of, in gases, 419 
friction welding of, 33Z 
hardening of, during friction, 251 
mutual plastic deformation of, 2 
seizure of, 175 
sliding characteristics of, at high tempera- 
tures, 326 
Molybdenum disulphide, colloidal, as lubri- 
cant, 416 
metal, 89 
application for, 419 
sulfide as lubricant, 169 


NASA, bibliography, 174 
Nitration, influence on wear and fatigue, 170 
Nylon, abrasion of, 316 


Oil film measurement, 10, 328 
seal problem, 415 

Oscillating tangential forces on cylindrical 
specimens, 321 

Oxidation of materials, in an arc-image fur- 
nace, 252 


Phosphorus compounds, long chain, as lubri- 
city additives, 324 

Phthalocyanines as high-temperature lubri- 
cants, 416 

Pin and disk wear apparatus, 94 

Piston rings, tubrication of, 86 

Pitting, damage to construction materials by, 

ror 

water-induced, of ball bearings, 171 
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Plastic roughening, 258 
yielding of bearings, 325 
Plastics, friction of, 300 
hardness of, 313 
for rocket motor nozzles, 170 
Polishing, selection of lubricant-coolant, 255 
Polymer-thickened lubricants, calculated 
journal-bearing performance, 323 
Polymers, contribution to oil properties, 323 
modified ethylene, as cold-rolled lubricants, 
323 
Polypheny] ethers as high-temperature radi- 
ation-resistant lubricants, 323 
Polytetrafluoroethylene, friction of, 391 
Pressure, ultrahigh, technology, 88 
Pressure loss in pneumatic conveyors, 321 


Radioactiveisotopes for selection of lubricant- 
coolant for polishing, 255 
sulphur used to study EP film, 86 
tracers, for estimating properties of lubri- 
cating oils, 172 
metallic, for checking oil consumption, 
172 
study of cylinder wear by, 172 
Radioche:nical study of stability of lubri- 
cating «il additives, 172 
Radioisotopic control of wear, 172 
Refractory materials, high-temperature be- 
haviour, 89 
Relaxation phenomena in lubrication, 167 
Resistance of a sphere to rolling, 415 
Retardation force on an aircraft tyre rolling 
in slush and water, 85 
Ringing of wine glasses, 150 
Rocket motors, plastic heat insulators for, 170 
plastic nozzles for, 170 
Rolling, resistance of a sphere to, 415 
Rubber friction, bibliography of Russian 
papers on, 174 
law of, 154 
—metal bearings in turbo drills, 775 
protection of surfaces of pumps and 
cyclones, 450 
soling compounds, wear trials of, 419 
Rubberlike materials, friction studies on, 415 
Rubbing speed, influence on metallic wear, 
327 
Rusting of engine in service, 172 


Scoring of gear materials, 327 
Scuffing tests on gear oils, 420 
Seal materials for high-temperature applica- 
tion, 326 
iron base, for high-temperature applica- 
tions, 419 
Seals, radial-face, pressure conditions between 
faces, 64 
refractory materials for, 252 
Seizure, investigation of, 1 
of metals, 175 
Shear data on lubricating base oils, 32 
strength of oriented PTFE, 393 
Silicon additions, influence on friction and 


wear of nickel alloys, 327 
Silicon, carbide grits, 372 
Sliding with change of sign, 321 
contacts, at temperatures above 1000°F, 
325 
friction in ball bearings, influence of elastic 
compliance on, 321 
interface, film formation at, 137 
reciprocating, of metals and alloys, 248 
surfaces, friction between, 415 
velocity of oscillating bearings, 343 
Slip of ball in rolling bearing, 177 
controlled, and tyre wear, 356 
Solid friction, nature of, 161 
Solids, lubrication of, at high temperatures, 
324 
Soling compounds, rubber, wear trials of, 419 
leather, wear trials of, 497 
Space age lubrication, 416 
Stability of alloys, 85 
Spalling, 258 
Split detecting by u.v. fluorescence, 254 
Standard specification, German, 423 
Static friction, coefficients of, 401 
Steel, dry grinding of, effect of reactive gases 
on, 384 
mild, wear of, 111 
strength of, during repeatedly changing 
loading, 251 
tool, 419 
wear resistance and fatigue strength of, 
330 
Stick-slip, 89 
Strength of alloys, 85 
Stress, contact, influence on metallic wear, 
327 
as parameter in metallic wear, 93 
Stressed state of surface layers of rubbing 
bodies, 321 
Stresses, transient thermal —, in a circular 
cylinder, 414 
Surface activity, influence on friction and 
surface damage, 269 
condition, effect on tensile transition, 247 
damage, effect of gases and liquids in lubri- 
cating fluids, 257 
influence of surface activity on, 269 
film, of copper oxide, chemistry of, 137 
finish of oscillating bearings, 343 
friction, 413 
layers of rubbing bodies, stressed state of, 
321 
preparation, effect on adherence of depos- 
its, 90 
profile, influence on load capacity, 325 
re-orientation, 413 
roughness, use of radioactive iodine vapour 
for determining, 89 
wear, 413 
Surfaces, copper, static friction between, 216 
iron, contact of, 319 
metal, at high temperatures, 419 
steel, deposition of titanium carbide on, 90 
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Symposium on electrical contacts, London, 
IQOI, 419 
on engine testing of crankcase lubricating 
oils, 420 
on size reduction, 500 


Tappets, lubrication of, 86 
wear of, 327 
Temperature, effect on lubricant behaviour, 
249) 
high, effect on mechanical properties of 
materials, 326 
effect on sliding characteristics of metals, 
326 
seal materials for high-temperature appli- 
cation, 326 
Tensile properties of the platinum group of 
metals, 167 
transition temperatures, effect of surface 
condition on, 247 
Testing machine, for oscillating bearings, 336 
Testing machines, for rock drilling, 234 
Textile mechanics, 255 
Titanium, cold extrusion of, 325 
Tool steels, 419 
Transition temperatures with four-ball ma- 
chine, 254 
Transmission fluids, friction characteristics 
of, 321 
Tyres, operating temperature of, 165 
power loss of, 165 
wear of, at controlled slip, 356 


Visco-elastic effects in lubrication of rolling 
contact, 249 
Viscosity, lubricant, effect on lubrication of 
gear teeth, 10 
of lubricating base oils, at shears, 32 


Wear, abrasive, under three-body conditions, 
345 

types of, 432 

of Al-Mg—Zn alloys, in the flow of abrasive 
particles, 89 

bearing, effect of lubricant viscosity on, 250 

behaviour of refractory materials, 252 

of brass on mild steel, 22 

of cams and tappets, bench test of, 327 


Wear, characteristics of the oscillating bear- 
ing, 333 
chemical, 258 
corrosive, in lubrication with halogenated 


gases, 419 
cylinder, study of, by radioactive tracers, 
172 


of diesel engine cylinder wall, 254 
electron-microscopic study, 123 
at elevated temperatures, 90 
of hard and soft phases in cobalt-bonded 
tungsten carbide, 171 
influence of nitration on, 170 
machine, crossed-cylinder, 22 
in machinery, 421 
mechanical, 251 
metallic, contact stress and load as param- 
eters in, 93 
in gases up to 600°C, 419 
influence of contact stress on, 327 
influence of rubbing speed on, 327 
influence of speed on, 319 
of nickel alloys, 327 
of pumps and cyclones, 450 
radioisotopic control of, 172 
rate, relation to debris composition, 111 
-reducing agents, 169 
of refractory compounds, 326 
resistance of abrasive grits, 372 
and fatigue strength of steel, 330 
measurement of, 427 
of steel, 330 
in rock drilling, 234 
surfaces, distribution of EP film on, 329 
testing, 22 
trials of solid rubber soling compounds, 419 
on sole leather, 497 
tyre, at controlled slip, 356 
under dry conditions, application of dimen- 
sional analysis to, 170 
Wearability, 171 
Welding of metals by friction, 173 
Wool felts, frictional properties of, 198 


Zinc crystals, dislocation loops in, 247 
dialkyl dithiophosphate in oils, surface 
effect of, 169 
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